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Understanding the ageing process is of increasing importance to an ageing society and 
one aspect of this is investigating what role the brain has in this process. Cognitive 
ability declines as we age and it is one of the most distressing aspects of getting older. 
Brain tissue deterioration is a significant contributor to lower cognitive ability in late 
life but the underlying biological mechanisms in the brain are not yet fully 
understood. One reason for this is the difficulty in obtaining accurate measures of 
potential ageing-related brain biomarkers.  
 
The chapters in this thesis explore the difficulties of quantifying brain changes in the 
ageing brain from Magnetic Resonance Imaging (MRI), and how the changes 
identified are related to cognition in later life. The data was acquired as part of the 
second wave of the longitudinal Lothian Birth Cohort 1936 study in which 866 people 
aged 73 years, returned for cognitive and medical assessment. At this stage of the 
study 702 underwent MR imaging resulting in 627 complete datasets across all 
testing. The entire data, a randomly chosen subset of 150 and 416 freely available data 
were used to investigate global and regional measurement methods in older brains and 
how the resultant measurements related to cognitive performance. Furthermore the 
presence of early life cognitive data in the form of a general intelligence test sat at age 
11, served as an indicator of cognitive ability prior to the potential influence of the 
ageing process.  
 
The chapters concerning global measures at first establish, that a measure of 
intracranial volume (ICV) serves as both a way of correcting for individual 
differences in brain size between participants and as a proxy premorbid measure of 
brain size. The analysis, utilising freely available cross-sectional MRI data 
(http://www.oasis-brains.org) revealed that ICV differed very little between 18-28 
year olds and 84-96 year olds where as total brain tissue volume (TBV) differed by 
14.1% between the two groups, which was more than twice the standard deviation 
across the entire age range (18-96 years).  Second a validated, reliable method for 
measuring ICV was investigated using 150 people randomly chosen from the 
LBC1936 study. Automated and semi-automated methods were validated against 





make automated and semi-automated methods that do not have an additional manual 
editing step, ineffective at producing accurate ICV measurements. This analysis also 
highlighted the need to employ additional spatial overlap assessment to volumetric 
comparison of measurement methods to reduce the effect of false-positives and false-
negatives skewing apparent discrepancies between methods. Using the information 
gained here ICV and TBV from the entire LBC1936 cohort were analysed in a 
structural equation model, alongside cognitive ability measures at both age 11 and age 
73. We found that TBV was a stronger predictor of later life cognitive ability, after 
accounting for early life ability, but that a modest association remained between ICV 
and late life cognition. This suggests that early life factors pay a role in how well we 
age, though the relationship is complex.  
 
The regional measures chapters look at two brain regions commonly associated with 
ageing, the hippocampus and the frontal lobes. Measuring either of these brain regions 
in large samples of healthy older adults is challenging for many reasons. The 
hippocampus is small and as with all brain regions shows greater variation in older 
age, this makes employing automated methods that have the advantage of being fast 
and reproducible difficult. Following the results of our systematic review of 
automated methods for measuring the hippocampus, the two most commonly used 
and available automated methods were validated against reference standard 
measurements. The results indicated that although automated methods present an 
attractive alternative to laborious manual measurements they still require manual 
editing to produce accurate measurements in older adults. The modified strategy 
employed across the LBC1936 was to use an automated method and then manually 
edit the output; these segmentations were used to investigate the potential of 
multimodal image analysis in clarifying associations between the hippocampus and 
cognitive ability in old age. The analysis focused on associations between longitudinal 
relaxation time (T1), magnetization transfer ratio (MTR), fractional anisotropy (FA) 
and mean diffusivity (MD) in the hippocampus and general factors of fluid 
intelligence, cognitive processing speed and memory. The findings show that multi-
modal MRI assessments were more sensitive than volumetric measurements at 






The difficulty with producing a relevant frontal lobe measure was made apparent 
when the result of a large systematic review looking at the manual protocols used 
revealed 19 methods and 15 different landmarks had been employed. This resulted in 
an analysis that took the 5 most common boundaries reported and applied them to 10 
randomly selected participants from the LBC1936. The results showed significant 
differences between the resultant volumes, with the smallest measurement when using 
the genu as the posterior marker representing only 35% of the measurement acquired 
using the central sulcus.  The results from the studies presented in this thesis strongly 
highlight the need to develop age specific methods when using brain MRI to study 
ageing. Furthermore the implications of using unstandardised protocols, making 
assumptions about a methods performance based on validation in younger samples 
and the need to account for early life factors in this area of research have been made 
clearer. Studies building on these findings will be beneficial in elucidating the role of 
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Section 1: Introduction and methods 
 
Chapter 1. General Introduction 
1.1 Ageing and society 
 
The Global Age Watch Index (2013) states that 23% of the UK population is over 60 
years old but by 2050 that is expected to rise to 29.6%, by which time nearly a third of 
our population will be over 60. Projections by the UK government Actuary’s 
department suggest that population increase to 2033 will be concentrated in older 
groups, with the most significant increase in 65-69 year olds. The impact of an ageing 
population on society has costs and benefits. Financially the impact on the NHS is 
vast, with the average expenditure on retired households being nearly double that 
spent on non-retired households. The other financial consideration is the amount spent 
on pensions, which is the largest expenditure (65%) by the Department of Work and 
Pensions (Cracknell, 2010). Along with this the recent announcement in the UK 
government’s autumn statement that the age at which we can access our state pension 
will increase to 70 years of age, should put the discussion of successful ageing at the 
top of society’s agenda (HM Treasury, 2013). The assumption made by the 
government that we can link things such as pensionable age with life expectancy 
overlooks a fundamental tenet of this assumption, that we are relatively healthy and 
able in those extra years.  
The prevalence of age-related diseases such as arthritis and dementia further support 
the idea that we do not all age successfully. The notion that healthy ageing is possible 
would seem to contradict the negative associations with getting old that are prominent 
in society, and it is this very idea that has been the catalyst behind much ageing 
research. The wealth of experience and knowledge individuals possess by the time 
they reach the latter part of their lives is an invaluable resource, one that is 
undervalued by the wider community. The huge contribution older people can make 
to society is often overshadowed by the challenges of ageing and though these seem 
insurmountable, ageing research aims to tackle these challenges. If we can discover 
why some people manage to stay independent, relatively physically fit and active, and 
cognitively able well into later life the benefits would be enormous. We could 





on resources and help to diminish the more negative aspects of ageing, potentially 
removing stigma by replacing it with a more positive outlook for everyone.  
The natural extension of studying ageing is to also look at age-related diseases such as 
Parkinson’s or Alzheimer’s disease, as non-diseased individuals often show similar 
pathologies, such as ß-amyloid plaques, to dementia sufferers. Dementia is a set of 
symptoms that include problems with reasoning, communication and memory as well 
significant mood changes. It is prevalent in older adults with around 800,000 sufferers 
in the UK, though it is not confined to over 65 year olds with 1 in 1,400 people being 
aged between 40 and 64 years. The occurrence of dementia rises continuously from 
60 to 70 and by the age of 80+ years 1 in 6 people will have a form of the disease 
(Alzheimer’s Society, 2014). With an ageing population the Alzheimer’s society 
estimates that by 2021 there will be a million people with dementia, rising to 
1,700,000 by 2051. The cost of dementia to the UK is approximately £23bn and this 
along with the obvious failings (Dewing and Dijk, 2014) to adequately provide care 
for people with dementia has resulted in the first G8 Dementia summit (London UK, 
11/12/2013) to be held. The major outcome was a pledge to double funding for 
dementia research in the UK from £66m in 2015 to £122m by 2025, which is still low 
when compared to funding for other terminal diseases such as cancer that stood at 
£267m in 2008 (Cancer Research UK, 2014; Siddique, 2013). The increase in funding 
pledged to dementia research is encouraging but to have the greatest impact all ageing 
research should receive increased funding.  
 
1.2 Healthy ageing and ageing research 
 
There are many factors that determine how well we age or how vulnerable we are to 
age-related diseases. Our genes determine some of our biological make up but our 
environment, lifestyle and social setting across the life span, as well as the interaction 
between all these factors, affects how robust we are in our later years. The wide 
variation in healthy ageing makes for an incredibly complex topic for researchers to 
tackle. A multi-disciplinary approach is essential in achieving real progress and 
understanding brain ageing is one of the key aspects. The effects of ageing on the 





performance. Individual differences in these changes are varied but generally the 
brain reduces in volume, becomes more atypical in appearance and lesions to the 
white matter become more common (de Leeuw et al, 2011). These factors are related 
to cognitive changes also common in older age, as well as things such as alterations in 
mobility (Starr et al, 2003) and personality (Davis et al, 2012). Prior to the application 
of brain imaging to this area of research, these changes were only detectable post-
mortem therefore making it difficult to determine if they were only related to the 
cause of death rather than other processes (Creasey and Rapoport, 1985). Brain 
imaging and specifically magnetic resonance imaging (MRI) for the first time 
permitted researchers to look at the ageing brain in-vivo.  
 
1.3 Magnetic Resonance Imaging and its role in studying ageing processes 
 
There are many imaging techniques used to study the human brain such as Computed 
Tomography (CT), Positron Emission Tomography (PET) and functional magnetic 
resonance imaging (fMRI). Where fMRI and PET are used to measure metabolic and 
blood flow changes in the brain CT and MRI provide structural information about the 
brain (Filler et al, 2009). CT is most often used in emergency diagnostic of brain 
injury, stroke or haemorrhage, as it is quick and accurate and widely available in the 
UK. However with every CT the person being imaged receives a dose of ionizing 
radiation that means it is used only when necessary. MRI has therefore become more 
widely used in research settings as there are no reported risks provided 
contraindication safety measures are followed. MRI works by administering carefully 
calculated radio frequency pulses, produced by a strong magnetic field, to tissues. 
These pulses, controlled by gradient coils, excite hydrogen atoms and the time taken 
for the hydrogen atoms to return to an equilibrium state provides information about 
tissues. This relaxation time is what is used to distinguish structures from one another 
in the body as the water content or amount of hydrogen atoms present in a tissue is 
variable. MRI emerged gradually through several developments in the wider imaging 
research field but it can be said that the first MRI machine was created by Professor 
Raymond Damadian in 1972 (Geva et al, 2006). The idea of introducing gradients to 
the magnetic field was that of Professor Paul Lauterbur who by collecting spatial 





images. Professor Peter Mansfield at the University of Nottingham further developed 
the mathematics of this technique. Professor Mansfield’s work allowed researchers to, 
for the first time, usefully interpret the signals received from MRI.  The first clinical 
application was by a team at the University of Aberdeen, led by Professor John 
Mallard, where they used an in-house built full body MRI scanner to detect signs of 
cancer in a patient. The work carried out by Professor Mallard and colleagues 
encouraged the widespread use of MRI in clinical diagnosis and beyond (Geva et al, 
2006). From this point on, MRI has developed rapidly with the invention of ever more 
sophisticated techniques and equipment resulting in huge breakthroughs in 
understanding disease states and progression (Chetelet & Baron, 2003), to charting 
human brain growth (Oishi et al, 2013), and measuring brain activity through changes 
in blood flow (Bennett & Rypma, 2013).  
The use of brain imaging in normative research has contributed to our understanding 
of how the brain develops and changes over the life course. Brain development is 
dramatic going from a single cell to an estimated 100 billion neurons in a matter of 
years. The rapid changes of childhood and adolescence slow somewhat in adulthood 
but nonetheless continue throughout our lives and neuroimaging has permitted 
researchers to see these changes in vivo. It is now common for brain imaging studies 
that are investigating age-related changes to look for associations between cognitive 
and/or behavioural measures with volume estimates of brain structures. Other 
neuroimaging techniques such as PET and fMRI have been used to look at metabolic 
or blood flow activation patterns in relation to cognitive tasks to assess potential 
correlates between brain structure and function (Bennett & Rypma, 2013). Most 
commonly cross-sectional studies have been used to look at age-related differences 
rather than longitudinal studies, which given that brain imaging has only been 
possible for 30 years, is understandable. Cross-sectional analysis has the benefit of 
application in a broad age range, making it possible for us to investigate the 
similarities and differences between 18 and 90 years olds and all in-between. This 
provides a picture of ageing across the lifespan allowing us to plot the trajectory of 
age-related differences from maximum capacity to almost end state. However cross-
sectional studies struggle with individual differences and cannot assess change over 
time as they provide data at a single time-point. Longitudinal studies permit 





participants at several time-points, however often only the healthiest people are 
assessed because of attrition rates due to illness or death.  
Quantifying the volume of brain structures from MRI has a number of very useful 
applications in ageing research as well as in other fields. The most common methods 
used to assess brain regions are visual rating scales, manual, semi-automated and 
automated methods. Visual rating scales were the first to emerge as they can be 
quickly applied in a clinical setting with no extra technical equipment needed. Large 
numbers of scans can be rated in a relatively small amount of time but they rely 
heavily on the expertise of the rater. They are predominantly used in clinical 
assessments and have shown to be comparable to volumetric measurements when 
estimating cortical atrophy (Galton et al, 2001; Möller et al, 2014). They are also 
extensively used in assessing white matter changes (Valdés Hernández et al, 2013; 
Wahlund et al, 2001). Despite their usefulness visual rating scales do not provide 
precise quantification of structures often sought in a research setting. Manual methods 
are more effective at supplying detailed volume measurements. They involve the 
delineation of a target structure by tracing the region on contiguous slices on MR 
images, with guidance from validated anatomical protocols. Manual methods are 
labour intensive, time consuming and are more prone to inter-rater errors than 
automated methods. Advancements in computer technology, allowing utilization of 
sophisticated computational algorithms, led the way for the development of semi-
automated and automated methods. Along with greater reproducibility, automated 
methods have the advantage of reducing both user input and the time it takes to 
produce volume segmentations (Bozzali et al, 2008). Despite these huge benefits, 
automated methods can struggle with less than typical brains as they rely on 
templates, normative values and common features to guide processing. Normal older 
adults brains commonly show features such as differential rates of brain tissue atrophy 
and increased presence of incidental findings, when compared to the rest of the adult 
population.  
Whether performing manual or automated segmentations age-related features in the 
brain, such as pronounced asymmetry and pathology like white matter 
hyperintensities all contribute to making measurements difficult. Variation in the 





application of a variety of different methodologies. Longitudinal MRI studies provide 
information about brain changes, which can better reflect the ageing process, however 
multiple time point scans over many years adds up to a large body of data. If further 
investigation of the potential influence of multiple life factors implicated in ageing is 
to be performed, large datasets will be needed to accommodate the multivariate 
analysis necessary to study these potential associations. These two factors as well as 
the rising proliferation of imaging-genetic studies, are leading to researchers using 
large datasets to investigate brain ageing.  
 
1.4 The ageing brain 
 
Studies, both cross sectional and longitudinal have shown that there is considerable 
variation between individuals when looking at brain size and structure, and this is 
reflected in the way in which our brains differentially age. Post mortem and brain 
imaging studies have revealed that brain tissue volume starts to decrease once we 
have reached adulthood and the rate of reduction increases with age, accelerating 
significantly over age 70 years (Takao, Hayashi and Ohtomo, 2012). Several studies 
utilising a variety of methodologies have found grey matter volume decline to be 
associated with age (Giorgio et al, 2010; Peelle, Cusack, Henson, 2012; Sowell et al, 
2003;Taki et al 2011; Tisserand et al, 2004). Studies have reported region specific 
deterioration with some suggesting that deterioration is most prominent in the 
temporal and prefrontal regions (Fjell et al, 2009; Raz et al, 2010). Grey matter 
volume decrease is possibly due to neuronal cell death that starts in early adulthood 
and continues to degenerate throughout our lives. White matter has also been found to 
deteriorate with age in volume (Ge et al, 2002; Gunning-Dixon et al, 2010; Resnick et 
al, 2000; Salat et al, 2009) and integrity (Bennett and Madden, 2013; Burgmans et al, 
2010; Kochunov et al, 2009). White matter decline is due to degeneration of the 
myelin sheath that begins later in life than grey matter decline, at around age 40-50 
years (Allen et al, 2005; Ikram et al, 2008). Because white and grey matter are 
physiologically different tissues that develop at different rates it seems clear that they 
would be differentially affected by ageing. Therefore investigating global brain 
measures such as total brain tissue volume along with grey and white matter will give 





measures are most useful in understanding structure function relationships such as 
those explored between memory and the hippocampus (den Heijer et al, 2012).  
Though overall brain volume decreases with age, tissue loss is not homogenous and 
varies a great deal between brain regions (Coffey et al, 1992). Studies have reported 
age-related atrophy in the hippocampus (Raz et al, 2010; Scahill et al, 2003) and the 
thalamus (Sullivan et al, 2004; Xu et al, 2000) with others finding no changes in either 
the former (Du et al, 2006; Van Petten et al, 2004) or the latter (Jernigan et al, 2001).  
The sub regions of the basal ganglia show a lot of variation when associating volume 
with age. A reduction in caudate volume has been consistently reported with 
increasing age (Bergfield et al, 2010; Hasan et al, 2008; Raz et al, 2005; Walhovd et 
al, 2005), the putamen has also been found to have this association (Fjell et al, 2013; 
Raz et al, 2010) but with some gender effects indicating the association exists in men 
only (Nunnemann et al, 2007). More gross anatomical regions have been cited as 
being differentially affected by age-related decline such as the prefrontal/frontal 
cortex (Lemaitre et al, 2012; Tisserand et al, 2002) and the temporal lobe (Jiang et al, 
2014). Allen et al (2005) explained the heterogeneous pattern of deterioration in terms 
of structures such as the frontal, parietal and occipital lobes showing a negative linear 
relationship between volume and age, where as the temporal lobes showed a 
curvilinear (cubic) relationship with volume decreasing little until an accelerated 
decrease beyond age 70 years. Zeigler et al (2012) also discuss patterns of decline in 
terms of linear and non-linear trajectories, suggesting that adaptive behaviour in 
certain areas may be as result of earlier and/or more pronounced decline in other 
regions. This results in those regions that are potentially engaged in adaptive 
behaviour delaying decline as a result of general ageing. This explanation sheds some 
light on why a consensus does not seem to have been found to answer the 
fundamental questions as to which brain structures are most affected by ageing and 
when these effects start to become prominent. It may be that along with 
methodological differences in measurements, discussed in further Sections (2-4) of 
this thesis, the range of ages in later years are influencing the reported associations. 
Age differences in the later years may be as nuanced as those in our earlier years, but 






Gender differences in brain structure are present throughout brain development and 
have been reported in adulthood (Ruigrok et al, 2014). Assessing the potential 
interactions of these differences with brain ageing are important in understanding why 
factors such as life expectancy and dementia rates differ between men and women.  
 
1.5 Research into ageing 
 
Approximately two-thirds of those people in the UK with a dementia diagnosis are 
women but this may be because dementia prevalence increases with age and women 
have a longer life expectancy than men rather than the differences in brain structure. 
Men have approximately 10% larger intracranial and brain tissue volumes than 
women, which reflects the generally larger body size of males over females. There is 
a suggestion in the literature that larger brains can better cope with the cumulative 
insults accrued during the life course (Staff et al, 2004). The cerebral reserve theory is 
discussed in context in Chapter 12. Though there are gender differences in brain 
function the picture is complicated. There is no clear evidence that general 
intelligence is linked to gender or that the larger male brain equates to better cognitive 
ability (Beltz, Blakemore & Berenbaum, 2013). Therefore the potential 
misapprehension that bigger is better is not necessarily the case, how well an organ in 
the body functions cannot just be attributed to its size. Region-specific differences in 
brain structure are present between the sexes, with volume differences being reported 
in regions such as the hippocampus, cingulate, putamen and insula (Ruigrok et al, 
2014). This may in part be due to the influence of hormonal factors that contribute to 
the development of sexual dimorphisms in the brain. Or varied patterns have emerged 
due to an adaptive response driven by the physiological differences between the sexes 
(Tobet et al, 2009).  
The reporting of gender differences in age-related brain atrophy have been mixed with 
some suggestions that there are no differences (Greenberg et al, 2008; Takao, Hayashi 
& Ohtomo, 2012) and others finding that grey and white matter (Allen et al, 2003) 
cortical thickness (Jiang et al, 2014) and subcortical structures (Takahashi et al, 2011) 
differed between men and women. A longitudinal study with a broad age range (10 to 





men over age 60 years than in women of the same age suggesting that general brain 
volume decline in later life is more pronounced in males than in females (Pfefferbaum 
et al, 2013). However another 1 year follow-up study found that women showed a 
faster rate of atrophy than men but only in the group with mild cognitive impairment 
and not in the healthy control group (Hua et al, 2010). It would seem intuitive that 
gender-age interactions would be present when looking at brain tissue decline because 
developmental differences exist, along with differences in behaviour and prevalence 
of neurodegenerative diseases between males and females (Gur & Gur, 2004). 
Therefore the way in which volume measurements are adjusted could be one of the 
reasons why there has been some variation in the reported literature. Adjusting for the 
fact that women are on average smaller than men is an important consideration when 
looking at potential gender differences in brain volume. Using measures such as head 
circumference or skull size are common, and in neuroimaging studies this is most 
often achieved by using a measure of the cranial vault known as intracranial volume 
(ICV). Findings that adjusting for ICV effect interactions between age and brain 
volume, when gender is included, have been reported (Greenberg et al, 2008; 
Pfefferbaum et al, 2013). Therefore attention should be paid to the practice of 
accounting for individual difference in head size when looking at brain tissue volumes 
within and across groups.  
Research from healthy ageing significantly contributes to dementia research by not 
only providing normative values by which a person’s cognitive and biological 
performance can be measured but by discovering early biomarkers of the disease and 
by improving methods. Studies such as those looking at cognitively normal 
individuals who go on to develop dementia are vital when looking for potential pre-
clinical brain biomarkers. It has been suggested that rapid tissue loss often precedes 
the onset of dementia (Ikram et al, 2010), making accurate quantification of normal 
brain deterioration trajectories important for potential identification of those at risk of 
developing dementia. Dickerson et al (2011) found that of those older adults measured 
as cognitively normal but who went on to develop Alzheimer’s, subtle cortical 
thinning up to 10 years prior to onset was detectable. Other studies have suggested 
that atrophy of specific structures such as the hippocampus (Barnes et al, 2009; 
Costafreda et al, 2011; Ezekiel et al, 2004) or ventricles (Madsen et al, 2013; 





measurements could be used as biomarkers for the disease. The Alzheimer’s Disease 
Neuroimaging Initiative reported that they found significantly more atrophy in those 
with Alzheimer’s than MCI sufferers or healthy controls (Leow et al, 2009). In fact in 
a review of their findings to date the group reported that overall the MRI measures of 
change were the most efficient at predicting future decline compared to the other 
biomarkers assessed (Weiner et al, 2013). Structural changes observed in normal 
ageing studies may not all be age-related and might be connected to events much 
earlier in life (Penke et al, 2012). The size and function of the brain in our early years 
influences the size and functional ability of our brains in old age (Shenkin et al, 
2009a). Interactions between factors that span a lifetime such as level of education, 
exercise, social integration, genetic, environment and nutrition may all lead to events 
that influence the state of the brain and its capacity to cope with additional insults in 
later life (Batouli et al, 2014; Brandt, Deindl & Hank, 2012; Desai, Grossberg & 
Chibnell, 2010).  
One of the most apparent and distressing aspects of age-related brain decline is in the 
diminishment of cognitive abilities as we get older (Deary et al, 2009a). The 
neurobiological underpinnings of cognitive ageing are not clear and though we know 
structure and function are related our understanding of the nature of this relationship 
is continually evolving. Determining pathological from non-pathological cognitive 
decline is usually done by clinical screening tools, which categorise older adults into 
discrete groups such as having dementia or being mildly cognitively impaired. 
Though this is necessary for treatment it is not as useful when trying to understand 
those who have either been tested in a pre-disease state or those who show some 
deviation from the group norm but are not classified as cognitively impaired. Also 
understanding individual differences within a normative population is important if we 
want to uncover whether a person’s cognitive ability has changed from their peak 
state or is just low relative to their peers. As already mentioned childhood intelligence 
appears to affect health in later life, possibly due to it resulting in better opportunities 
and decision making over the lifetime or due to a protective mechanism afforded by a 
higher starting level from which to decline (Penke et al, 2012).  As with structure the 
question as to whether cognitive ageing is a general process or affects specific 
cognitive domains more than others is a continual debate in ageing research (Abbott et 





such as memory (den Heijer et al, 2012), processing speed and executive function 
(Albinet et al, 2012). As cognition originates in the brain it has been suggested that 
age-related brain atrophy may be driving the cognitive deficits also associated with 
ageing. Associations between brain tissue atrophy and cognitive ability are mixed 
(Ferriera et al, 2014; Taki et al, 2011), with both global and local associations being 
reported (Cardenas et al, 2001; Kooistra et al, 2014). Rodrigue and Kennedy (2011) 
provide a comprehensive review of the literature in this area and say that association 
cortices are more vulnerable than primary sensory areas to the affects of ageing. They 
go on to suggest that a variety of structural techniques should be applied depending on 
the cognitive domain being assessed. For example white matter integrity rather than 
volume seems to be associated with information processing speed therefore using a 
technique sensitive to detecting this, such as DTI, would be more effective than 
measuring white matter volume when looking for age-related associations.  
 
1.6 Assessing the ageing brain on MRI 
 
Factors influencing the reliability of brain volume measures are several and range 
from image quality and scanner type to pre-processing and segmentation protocols 
(Jovocich et al, 2009). Traditionally to assess the validity of a method, the reference 
standard measures have been provided by manual tracing of brain structures 
performed by experienced individuals (Jack Jr et al, 1990). However a common 
criticism of manual segmentation is that rater error is inevitable and influences the 
accuracy and reliability of the measurements. Though rater error is a factor, it can, 
through training and experience, be minimised but this is still dependent on the use of 
well researched, standardised manual tracing protocols. The variation in manual 
tracing protocols may be an important factor in explaining why regional brain volume 
measurements vary in the literature. If each study is working from a slightly different 
set of anatomical boundaries the ability to compare results becomes difficult (Konrad 
et al, 2009). This is also a concern for automated methods that use a priori 
information, necessary for the algorithm to determine anatomical locations, based on 
manual labeling or segmentations. There have been efforts to produce standardised 
protocols (Boccardi et al, 2011; Entis et al, 2012) for use in manual segmentations but 





(Cox et al, 2014).  
Other concerns such as the registration method used and atlas choice have 
implications as to the comparability of results across studies, as well potential 
accuracy issues especially on less than optimal scans (Dewey et al, 2010). Registering 
images involves taking two scans and overlapping them so that common features in 
that image are aligned. This process has many applications such as, looking for 
differences between scans of the same person at two time points, investigating 
common features in a group of individuals, or to align a set of images to a common 
space for image segmentation or voxel based analysis. In the latter example brain 
atlases are used to improve the accuracy of methods in identifying target brain regions 
or features.  There are numerous registration methods and atlases available, and they 
are discussed in more detail in Chapters three and ten. Avants et al (2011) discuss the 
difficulty of finding the most effective registration method stemming from a lack of 
consistency in how an algorithm has been applied to a dataset. They suggest that 
parameter settings and optimisation strategies used to achieve the best possible 
registrations are not always reported in enough detail as to be reproducible. Atlas-
based segmentation techniques have been shown to be the most successful of the 
automated methods (Babalola et al, 2009), with processes that utilise multiple atlases 
rather than a single atlas showing the highest level of agreement with the reference 
standard (Aribisala et al, 2013). Though promising, the difficulty of using atlases 
derived from a young healthy population, rather than an age appropriate population, 
has been highlighted (Aljabar et al, 2009). In these cases the range of age-related 
features such as atrophy and white matter lesions are seldom reflected in the atlas, 
resulting in poorer performance (Cabezas et al, 2011). All methods should be mindful 
of neuroanatomical information when being used and this becomes more crucial when 
trying to investigate what could be subtle differences in non-disease groups such as 
the elderly. 
The aims of this thesis are several. Firstly, Chapter 2 outlines the general methods 
applied in this thesis. Chapters 3 and 4 examine the literature concerning the way in 
which application of methodologies can affect the accuracy of measurements in the 
hippocampus and frontal lobes.  Secondly, in Chapters 5 to 9 the factors influencing 





neuroimaging methods. Thirdly, factors arising from the practical application of 
regional measures, with consideration given to the issues that emerged from the 
systematic reviews, are presented in Chapters 10 and 11. Finally, in Chapters 12 and 
13, the resultant measurements from the experimental studies are used to see how 
neuroimaging variables are related to cognition in later life, and to explore how 
methods can be used to provide clearer information about these associations. 
 
Chapter 2. General methods 
 
In this chapter the methods employed as part of the brain MRI imaging protocol 
developed to study the Lothian Birth Cohort 1936 (LBC1936), a group of older adults 
in whom cognitive data are available in both youth and old age, will be described. 
This chapter will detail the methods that have not been developed as part of this thesis 
but contribute to analysis that features in Chapters 10, 12 and 13.  
Although a section in Chapter 3 uses imaging and demographic data from a freely 
available database (http://www.oasis-brains.org), this thesis mainly uses imaging and 
cognitive data collected from participants of the Lothian Birth Cohort 1936 Study 
(Deary et al., 2007). This dataset will be described in more detail in context with the 
analyses appearing in Chapters 12 and 13, but is briefly introduced in the following 
sections. 
 
2.1 LBC1936 cohort 
 
The Lothian Birth Cohort (1936) was designed to find determining factors of non-
pathological cognitive ageing particularly genetic components (Deary et al, 2012). 
The subjects that make up this cohort were born in 1936 and at the age of 11 they took 
a version of the Moray House Test No. 12 as part of the Scottish Mental Survey of 
1947 (Deary et al, 2012). The Scottish Mental Survey of 1947 was taken in every 
school in Scotland on the 4th of June, with 70,805 children tested. The Moray House 
Test (No. 12) is a well-validated test of intelligence, which provides an estimate of a 
person’s verbal reasoning ability prior to life-course influences such as ageing. The 





data. The tests were rediscovered in ledgers by a group of researchers including 
Professors Lawrence Whalley and Ian Deary, who recognised the importance of the 
tests in investigating changes in life-course intelligence. The Community Health 
Index and media advertisements were used for recruitment and 3810 potential 
participants were identified. Of the 3686 people who were invited, 2318 responded 
and 1226 people were elgible and interested in taking part. Initially 1091 participants 
(548 men and 543 women), aged 70 years, retook the Moray House Test in 2006 
along with other detailed cognitive and physiological tests. This first wave of testing 
began in 2006, with subsequent waves between 2007 and 2010 (Wave 2) and between 
2011 and 2013 (Wave 3). Of the wave 1 participants, 866 (448 men and 418 women) 
received testing at wave 2 with the main reasons for attrition being death, chronic 
incapacity and permenant withdrawal.  
The aim of the first wave of testing was to understand the genetic, physiological, 
social and environmental factors involved in normal ageing. Therefore extensive 
social, familial, nutritional and medical histories were obtained, as well as quality of 
life scores, blood samples, genetic analysis and physical activity information (Deary 
et al, 2007). Three years later the participants were invited to contribute in the second 
Wave of testing as before but now with additional brain MRI and neurovascular 
ultrasound imaging. This second wave of testing focused more on the mechanisms 
that are implicated in white matter damage and how this damage relates to cognitive 
decline in later life. The inclusion of brain MRI at this stage was intended to directly 
answer this question by assessing white matter integrity and cognitive function. Along 
side this analysis whole brain and regional grey matter integrity was also considered 
of importance, as they influence and are influenced by white matter damage. A third 
(complete Dec 2013) and fourth wave of testing will further contribute to this 
impressive dataset as will a brain tissue bank, which is being prospectively recruited 




Not all participants initially recruited (1091) at wave 1 returned for testing at wave 2 





MRI scan.  A few factors such as claustrophobia, scanner faults and positioning 
difficulties influenced the participation/inclusion of some of those individuals that 
entered the scanner. This resulted in 672 (357 men and 315 women) people who 
completed all sequences necessary to measure brain volume. Full details of the 
participant demographics accompany each analysis of the data in the Chapters that 
follow, as they vary due to the inclusion of different variable included..  
 
2.3 Cognitive testing 
 
The cognitive data used in this thesis come from the second wave of cognitive testing, 
but the first to also include brain and ultrasound imaging. The cognitive domains 
tested in the LBC1936 Study were distilled into three main factors using Principal 
Component Analysis (PCA). The three factors are general cognitive ability (g factor), 
general memory (g memory) and general speed (g speed), (Laude et al, 2013). The 
subtests that these factors were derived from can be seen in Figures 2.1-2.3.  
 
Figure 2.1: Shows the cognitive domains that, using Principle Component Analysis (PCA), 






Figure 2.2: Shows the cognitive domains that, using PCA, make up general memory ability 
(gmemory) from the entire cognitive test battery. 
 
 
Figure 2.3: Shows the cognitive domains that, using PCA, make up general speed ability (g 





As part of the dementia screening process each participant completed the Mini-Mental 
State Examination (MMSE), which is a commonly used assessment tool where a score 
of 24 or less out of 30 indicates possible dementia (Folstein, Folstein and McHugh, 
1975). This assessment was not intended to detect people with dementia but more to 
try and ensure that the data set comprised of participants free of cognitive impairment 
related to dementia.  
 
2.4 Brain MRI acquisition protocol 
 
As per Wardlaw et al. (2011), all MRI data were acquired in the Brain Research 
Imaging Centre, University of Edinburgh (http://www.bric.ed.ac.uk), using a GE 
Signa Horizon HDx 1.5T clinical scanner (General Electric, Milwaukee, WI, USA) 
equipped with a self-shielding gradient set (33 mT/m maximum gradient strength) and 
manufacturer supplied 8-channel phased-array head coil. The examination comprises 
the following whole brain sequences acquired with contiguous slice locations: T2-
weighted (T2W), T2*-weighted (T2*W) and Fluid-Attenuated Inversion Recovery 
(FLAIR) axial scans.  A high-resolution T1-weighted (T1W) volume sequence 
acquired in the coronal plane, axial T1W fast-spoiled gradient echo (FSPGR) 
sequences with 2 and 12
o 
flip angles for quantitative T1-mapping, two standard spin 
echo sequences acquired with and without a magnetization transfer pulse applied 1 
kHz from the water resonance frequency for Magnetisation Transfer-MRI (MT), and 
finally a Diffusion Tensor-MRI (DTI) protocol consisting of 7 T2W and sets of 
diffusion-weighted (b = 1000 s/mm2) axial single-shot spin-echo echo-planar (EP) 
volumes acquired with diffusion gradients applied in 64 non-collinear directions 
(Jones et al, 2002). The acquisition takes approximately 70 minutes. The acquisition 
parameters for the all sequences, i.e. field-of-view, imaging matrix, slice thickness 
and location, were chosen to allow easier co-registration between them so that, for 
example,〈D〉, Fractional Anisotropy (FA), Magnetisation Transfer Ratio (MTR) 
and T1 biomarkers could be accurately measured in small structures such as the 
hippocampus assessed on a structural scan. To allow accurate measurement of 
intracranial volume (ICV), the structural MRI scans covered the complete intracranial 





magnum. All structural MRI data were examined by a consultant neuroradiologist and 
any medically relevant incidental findings, which occur in around 3% of individuals 
and not including age related WMHs (Morris et al, 2009), are identified and notified 
to a responsible clinician for further action. Finally, each sequence is converted from 
DICOM (http://dicom.nema.org) to NIfTI-1 (http://nifti.nimh.nih.gov/nifti-1) format 
for computational image processing. 
 
2.5 Pre-processing steps and Image analysis 
 
Once the data was acquired by the scanner, and the images converted from DICOM to 
NIfTI format, all sequences were registered to the T2-W sequence for each individual. 
The LBC1936 image analysis protocol is extensive, employing various techniques to 
quantitatively assess structural images.  The global volume measurements acquired as 
part of the image processing protocol were the intracranial contents, total CSF, total 
brain, ventricles, grey and white matter volumes. Some of the image processing 
pipeline is stepwise, meaning that as each step of the segmentation is completed it 
allows the next tissue along the pipeline to be measured. Mostly the process employs 
a semi-automatic tool that fuses two MRI sequences in red-green colour space to 
enhance visual differences between tissues (Valdes-Hernandez et al, 2010). The 
MCMxxxVI uses Minimum Variance Quantization to represent images in a reduced 
number of clusters mapped in the same colour space. This method is described in 
detail in (Valdes-Hernandez et al, 2010) but the practical steps used to derive the 
tissues used in the analysis that follows, will be described here.   
To begin with structural scans (i.e. T1W, T2*W and FLAIR) were registered to the 
T2W sequence using an affine registration tool freely available from the FMRIB 
software library (Jenkinson et al, 2002).  
Following this initial registration step, the intracranial contents were extracted. The 
research into the development of a standardized and validated protocol for this 






2.6 Normal-appearing white matter (NAWM) and cerebrospinal fluid (CSF).  
 
We obtained two measures of CSF using the MCMxxxVI method; this is because the 
outcome of the method differs if different pairs of sequences are fused. For example, 
the fusion of T1W and T2W makes visible different tissue types than if T2*W and 
FLAIR sequences are fused. Segmentation of the CSF derived from using the fused 
T2*W and FLAIR sequences resulted in a measurement that included the veins, 
sinuses and meningeal tissues that are very close or attached to the brain tissue, 
together with the CSF, as they all share the same intensity range on each of the two 
fused images. As this is a step in the white matter lesion segmentation pipeline, it is 
considered an extra or surrogate measure of CSF. The process of obtaining a CSF 
measure that does not include the veins, sinuses and meningeal tissues is the same as 
that described below but the fused T1W_T2W sequences are used rather than the 
T2*W_FLAIR sequences.  
To identify CSF and normal-appearing white matter, the T1W and T2W volumes 
were fused using Analyze 9.0TM, a licensed image analysis software 
(http://www.analyzedirect.com/Analyze/). The registered T1W and T2W were loaded 
into Analyze and selected as input to the registration module of the software. This 
second registration is necessary to guarantee that both images are well aligned. One 
image was selected as the base image and mapped in red colour and the other as the 
match image and mapped in green. If necessary, the images were manually adjusted to 
overlay the match image on the base image (Figure 2.5) and produce a fused red-
green image. 
 
Figure 2.5: Shows a T2*W image fused with a FLAIR image in red-green (left-base, middle-





MATLAB was then used to load the graphic user interface (GUI) MCMxxxVI. The 
GUI works by allowing the user to enter the file path of the fused images and the 
intracranial volume binary mask to segment the specified tissue. Once all the file 
paths are located and images loaded into the GUI the intensity of the images are 
adjusted to identify the specified tissue. The tissue included in the segmentation is 
coloured blue to distinguish it from the red-green background (Figure 2.6). 
 
 
Figure 2.6: A fused image showing the CSF to be segmented in blue. 
 
The flowchart in Figure 2.7 describes the sequence of steps taken to produce the CSF 
and NAWM masks. Once the CSF is obtained, the next step was to use the binary 
mask resultant from subtracting the CSF from the ICV and re-input it to the GUI in 
place of the ICV used in the previous process. Once the intensity values have been 
adjusted for extracting the NAWM, false positives were removed where erroneous 






Figure 2.7: Flowchart depicting the steps taken in the MCMxxxVI method to achieve CSF and 
NAWM segmentations.  
 






The intensity range of grey matter overlaps with that of the white matter 
hyperintensities (WMH) in almost all sequences. Even in FLAIR sequences, preferred 
for WMH identification, subtle WMH exhibit the same intensities as some cortical 
regions. That is why grey matter was derived by subtracting the CSF, the NAWM and 
WMH masks previously segmented using the MCMxxxVI method from the ICV. 
Routine visual assessment of the grey matter masks revealed inaccuracies due to 
inclusion of structures and tissues that are not grey matter and do not belong to any of 
the other tissue classes previously mentioned, specifically highlighted were the 
inclusion of the choroid plexus and septum. To investigate the influence in total grey 
matter volume that inclusion of these erroneous structures represented, manual editing 
was performed to remove the choroid plexus and septum from the grey matter masks 
in a randomly selected sample of 40 cases from the LBC1936. Mean grey matter 
volume (mm3) was 646501 (± 50170) and after removal of the erroneous structures 
the mean volume (mm3) was 644753.4 (± 50181), this only represented a mean 
difference of 0.27%, with the maximum difference being 0.5% between the two 
measurements.  
 
Further visual assessment of the MCMxxxVI masks revealed that other areas also 
were incorrectly classified as grey matter such as the clivus, internal carotid and 
choroidal arteries. Although the MCMxxxVI method improves the sensitivity by 
which segmentation of images relying on intensity information can be performed, it 
does not include shape information in the segmentation process. This aspect of 
segmentation is dependent on the anatomical knowledge of the user, as is the case 
with manual methods though less so for this method. The limitation of using only 
intensity information to segment tissues is that MRI images are limited in the range by 
which they can display tissues. Distinct structures can appear very similar in intensity, 
therefore leading to misclassification of tissues when only intensity information is 
used. It is therefore necessary to manually edit the masks using the ‘Remove false 
positives’ feature provided in the GUI. This is especially the case when images are 
affected by motion artifact, tissue abnormalities such as cysts or meningeal 
hyperintensities. The strength of using a semi-automated technique is that there is 
some degree of user input, meaning that difficult images such as those described can 






To establish how comparable the MCMxxxVI method was with other methods of 
obtaining grey matter segmentation the same 40 subjects were processed using the 
free software tool FSL_FAST (FMRIB’s Automated Segmentation Tool). The flow 
chart (Figure 2.8) shows the steps in the process FAST uses to produce segmentations. 
 
 
Figure 2.8: Flowchart showing the FSL_FAST processing steps for CSF, grey and white 
matter segmentation. 
 
Visual assessment of the FSL_FAST results revealed that there were several areas 
where tissue was misclassified as grey matter. Table 2.1 shows the tissues wrongly 





fail, 38/40 FSL_FAST segmentations had one erroneous structure noted with 23/30 




Internal carotid artery Internal carotid artery 
Trigeminal nerve - 
Periventricular Periventricular 






Mineral deposits Mineral deposits 
Nasal concha - 
 
Table 2.1: Indicates the visually identified incorrectly segmented tissues for both the 
FSL_FAST and MCMxxxVI methods. 
 
The FSL_FAST segmentation did not include the choroid plexus in any of the 40 
cases and in two cases a small section of the middle frontal gyrus and/or superior 
frontal sulcus was missed. This also occurred in one of the MCMxxxVI 
segmentations. MCMxxxVI differed from FSL_FAST in the inclusion of the choroid 
plexus but generally performed better than FSL_FAST, as fewer tissues were wrongly 
classified.  
 
Bland Altman analysis performed on the number of voxels included in the grey matter 
segmentations from FSL_FAST and the MCMxxxVI methods shows a mean 
difference of -16.45 with a lower confidence limit of 32.01 and upper confidence limit 








Figure 2.9: Bland-Altman plot comparing percentage mean difference in measurements of 
grey matter voxels performed by FSL_FAST and MCMxxxVI. 
 
 
Comparison between FSL_FAST and the MCMxxxVI segmentation, with removal of 
the septum and choroid plexus, shows a mean difference of -15.74 with a lower 









Figure 2.10: Bland-Altman plot comparing percentage mean difference of grey matter voxels 
by FSL_FAST and MCMxxxVI after manual removal of the choroid plexus and septum. 
 
It was concluded that removal of the choroid plexus from the grey matter masks 
produced using MCMxxxVI would be an adequate solution to the issue of erroneous 
tissues. This is achieved by subtracting the contents of the lateral ventricles, where the 
choroid plexus is located, from the grey matter masks using the masks manually 
obtained from performing ventricular measurement (described below). Further manual 
editing where necessary should also be performed.  
 
2.8 Whole brain volume 
 
Subtracting CSF from ICV using the image calculator in Analyze produced whole 
brain volume. The CSF mask, previously obtained from the MCMxxxVI module by 
fusing T2*W and FLAIR scans, is subtracted from the ICV mask thus removing all 
non-brain tissues and CSF within the intracranial vault. This results in a mask that 





2.9 Ventricular volume 
 
The ventricles were manually measured using Analyze 9.0 from the original 3D T1W 
volume acquired in coronal orientation, without being registered to any other 
sequence. This is to preserve contrast and anatomical information lost when registered 
images perform interpolation calculations to estimate unmeasured data points while 
altering the matrix size of the image. The T1W images were thresholded to produce 
better contrast between grey matter and CSF and to consistently account for partial 
volume effects across the whole volume. To threshold the image, the ROI module in 
Analyze was used to place two 3x3mm ROIs, one in the CSF of either lateral ventricle 





Figure 2.11: Shows the placement of two ROI in the ventricle (red) and the temporal lobe grey 
matter (green), to obtain a mean intensity value for thresholding the image. 
 
 
The two ROIs were then copied forward one slice, their position checked and the 
mean sum of all four ROIs calculated and recorded. This threshold was then applied 
to the image using the Object Extractor module, which uses an algorithm to extract 





extracted image was then saved and used to perform the ventricular segmentation.   
The thresholded image was loaded into Analyze and the ROI module selected. The 
first slice of the lateral ventricles was chosen as the anterior slice in which either 
lateral ventricle appears in deep WM (Figure 2.12); left and right do not always 
appear at the same time due to variations in head position in the scanner, asymmetry 
of the hemispheres and differences in ventricular size.  
 
 
Figure 2.12: Shows the slice preceding and the slice in which the first appearance of the 
lateral ventricles in the right (red) and left (green) frontal lobes occurs. 
 
A ROI was placed in each lateral ventricle (right and left were separately measured) 
and the edge of the structure automatically detected. The lateral ventricles were 
measured in this way working posteriorly through each slice, remembering to identify 
the temporal horn of the lateral ventricle and include it in the whole lateral ventricle 











Figure 2.13: Shows the appearance of the horn of the lateral ventricles in the right (red) and 
left (green) temporal lobes.  
The temporal horn of the lateral ventricle is positioned superior to the 
parahippocampal gyrus and medial to the temporal stem; CSF present superior to the 
hippocampus is part of the uncal recess of the temporal horn and should therefore be 
included in this measurement (Figure 2.14).  
 
Figure 2.14: Shows the appearance of the uncal recess of the temporal horn superior to the 
hippocampus. 
Occasionally the septum pallucidum appears incomplete and the boundary must be re-
established to ensure each ventricle can be measured separately. To do this a straight 









Figure 2.15: Shows the line drawn to re-establish the septum between the left and right lateral 
ventricles. 
The third ventricle appears inferiorly to the lateral ventricles, between the two 
hemispheres. The first slice in which the third ventricle was measured was the point 
where the optic tracts converge to form the optic chiasm (Figure 2.16).  
 
 
Figure 2.16: Shows the first slice (right hand image) in which the third ventricle is measured 
once the optic tracts converge to form the optic chiasm. 
The interthalamic adhesion divides the third ventricle so it is important to ensure that 
superior and inferior portions are measured (Figure 2.17). The interpeduncular cistern 
or the cerebral aqueduct was not included in the third ventricle measurement (Figure 
2.17). 
 








Figure 2.17: Indicates the division of the third ventricle by the interthalamic adhesion and the 
location of the interpeduncular cistern. 
The last slice was that prior to the ventricle opening into the box-shaped cistern of the 
transverse cerebral fissure (Figure 2.18). 
 
 
Figure 2.18: Shows the last slice in which the third ventricle is measured before the 



















The fourth ventricle is located between the cerebellar hemispheres, superior to the 
vermis and tends to only appear in a few slices. The first slice of the fourth ventricle 
appears to form a hexagonal shape and is enclosed by surrounding cerebellar tissue; 
this structure was measured through the slices until it was no longer visible (Figure 
2.19). 
 
Figure 2.19: Shows the location of the fourth ventricle (blue) between the cerebellar 
hemispheres. 
The complete dataset for this analysis therefore consists of masks, voxel and volume 
measurements (mm3) for ICV, total CSF, surrogate CSF, whole brain, ventricular, 
grey and white matter.  
 
Section 2:  Systematic reviews 
 
In order to ascertain what methods have already been employed to quantify brain 
regions of the hippocampus and frontal lobe, reviews of current methods were 
undertaken. The task of segmenting the hippocampus in a large healthy older cohort 
(LBC1936) needed to be tackled using automated methods, because the time taken to 
manually delineate 1400 hippocampi would be unfeasible. Common age-related 





hyperintensities can cause difficulties when analysing MR images of elderly 
participants. A review of automated hippocampal segmentation methods, specifically 
those that have been applied and adequately validated in healthy older brains, was 
conducted. 
 
For the frontal lobe review, the main issue being considered was less to do with the 
application of automated methods, though many of the same concerns that apply to 
the hippocampus are also pertinent to the frontal lobe, but more to do with anatomical 
definition of the frontal region. The variety with which researchers assign tissue to the 
frontal lobe when manually segmenting the brain is troublesome. An agreed upon 
protocol for exactly what boundaries should be used to accurately delineate the frontal 
lobe does not as yet exist but would be immensely helpful in reducing variation in 
findings across studies. In order to understand what the vast literature on the 
involvement of the frontal lobe in ageing-related decline contributes, it is essential to 
know what researchers are measuring as frontal lobe tissue. Consequently a review of 
frontal lobe posterior boundaries was conducted, as part of a larger review of frontal 
lobe structure function relationship (Cox et al, 2014), to determine how much 
variation in segmentation protocols exists.  
      
Chapter 3. Systematic review of automated hippocampal segmentation 
methods in healthy elderly population 
 
3.1 Introduction  
 
The hippocampus is of interest to researchers because it has been shown to be affected 
by age-related decline and it is implicated in diseases common in old age such as 
dementia (Baron et al, 2001). It has also been highlighted as a key biomarker in 
detecting preclinical signs of Alzheimer’s disease, due to the relationship between 
decline in memory performance and smaller hippocampal volume in old age 
(Backman et al, 1997). Along with ventricular volume (Resnick et al, 2000), it has 
been suggested that the rate of volume loss in the hippocampus is predictive of the 
shift from normal cognition, to mild cognitive impairment (MCI) then into dementia 





provide evidence to support hippocampal atrophy and poor memory performance in 
clinical groups (Fischl et al, 2002; Rombouts et al, 2000). However, it is important to 
understand what the relationship is between the hippocampus and memory function in 
normal ageing. A meta-analysis looking at associations between hippocampal volume 
and memory in healthy people found that in older adults results were too variable as to 
draw a definite conclusion (van Petten, 2004). They did report that a weak positive 
association was found but that the clearest finding was the considerable degree of 
variability in this association that seems to occur in later life. It is also the case that 
null associations between memory performance and hippocampal volume are seldom 
reported when the healthy older adults form the control group in a patient focussed 
study. This suggests a potential under reporting of null results therefore making it 
difficult to determine how much variation in the literature there actually is. 
   
Another possible explanation for why discrepancies exist between published reports 
could be due to differences that arise from the variety of methods being applied to 
hippocampal volume measurement. The reference standard method of measuring 
hippocampal volume is manual delineation; however, it is time consuming, subject to 
observer variation and not always practical for large studies (Barnes et al, 2004). 
Consequently, numerous computational automated segmentation algorithms and 
software programs have been developed to assess subregional brain volumes 
including the hippocampus. The advantages of using automated techniques are that 
they should reduce rater variability, perform segmentations with minimum user input 
and produce precise outputs quickly (Khan et al, 2008). However, assessing subtle 
changes in the volume of the hippocampus, such as those that occur during healthy 
ageing, is more difficult due to the degree of sensitivity required. Older individuals 
brains significantly differ from young people in that they are more asymmetric, suffer 
from pathology such as atrophy and white matter lesions, and white and grey matter 
can be difficult to differentiate. Automated methods that utilise shape, contrast and/or 
intensity information to perform segmentations may struggle to combat these 
problems leading to errors.   
 
In order to ascertain the effectiveness of automated methods in obtaining whole 





to determine how extensively they have been validated against a reference standard 
and specifically their application in healthy older people.   
 
3.2 Methods 
3.2.1 Search strategy 
 
We searched MEDLINE (1966 to 2012), ISI Web of Knowledge (1966 to Oct/2013) 
and PubMed electronic databases. We used the subject terms ‘Automated’, 
‘Hippocamp$’, ‘Segmentation’, ‘Measure$’, ‘Volume’, ‘Brain’ with the Boolean 
operator AND in either the title or abstract, and the limits were set for humans only.   
 
3.2.2 Inclusion/exclusion criteria 
 
We included papers that used a fully automatic method to segment the hippocampus 
on MRI where healthy older adults age 55+ years of age were either the target group 
being studied or used as controls. We defined ‘automated’ as those methods that 
require minimal user input and predominantly use computational processes to derive 
volume measurements.  
Excluded studies were those that were reviews, where only abstracts were available, 
where insufficient demographic data was provided, duplicate publications using the 
same dataset and where appropriate validation of the automated method was not 
stated. 
 
3.2.3 Data extraction and synthesis 
 
We extracted data on total number, gender, age and type of participants; number of 
participants in each category (i.e. Healthy older adults, Alzheimer’s disease, etc.); 
scanner field strength (Tesla); voxel size and or slice thickness (mm); details of the 
automated method used; whether the automated method was validated against a 
reference standard; what statistical analysis or visual assessment was used to assess 
the segmentation; if the segmentation was corrected for variation in head size between 
participants (e.g. using intracranial volume); and any information on discrepancies 





considered the reference standard measurements as those obtained using manual 
delineation within the same dataset that the automated method was applied to. We 
tabulated the results and performed descriptive statistics, and intended to perform a 
meta-analysis, but insufficient data were available. 
 
3.3 Results 
3.3.1 Study search and evaluation  
 
The search strategy identified 194 publications. One hundred and eight publications 
were excluded as they did not fulfil the inclusion criteria, 57 were excluded due to all 
the participants being under 55 years old. This left 29 papers that described automated 
segmentation of the hippocampus, which included various patient groups but 
specifically healthy older adults (Table 3.1).  Twelve of the 29 papers did not validate 
the automated method against a reference standard, so these papers were excluded. 
The Twelve papers excluded due to lack of validation against a reference standard in 
the same cohort, used both voxel-based and volumetric methods of segmentation 
(Table 3.1). Three used SPM99 (Baron et al, 2001; Frisoni et al, 2002; Rombouts et 
al, 2000), a version of a freely downloadable statistical parametric mapping software. 
Five papers (Fischl et al, 2002; Messina et al, 2011; Mouiha et al, 2011; Westman et 
al, 2011; Ystad et al, 2009) used Freesurfer and four others (Erickson et al, 2009; 
Erickson et al, 2010; Lim et al, 2012b) used FSL_FIRST, both of which are freely 
available for download. One study developed in-house software to segment the 
hippocampus automatically (Chupin et al, 2008). 
 
 














Baron et al. 
2001  
 
19 AD 73(5) - SPM99 N 
16 HC 66(8) - 





9 HC - 65-83 FSL/MatLab 
FMASH 
Y 
8 AD - 65-83 
16 HC - 20-58 
16 BPD - 20-58 







20 AD 77 - 
Carmichael 
et al. 2005  
 
 




19 MCI - - 
15 HC - - 




25 AD 73 (6) - Minimisation of 
energy function 
N 
24 aMCI 74 (8) 
25 HC 64 (8) 
Csernansky 









18 AD 74(4.8) 
15 HYA 30.9(9) 
Erickson et 
al. 2009  
 
165 HOA 66.5 59-81 FSL_FIRST N 
Erickson et 
al. 2010  
 
142 HOA 66.5 59-81 FSL_FIRST N 





25 HC 72 - FreeSurfer N 
21 AD 74 
71 AD 72 
17 AD 67 
Frisoni et al. 
2002 
 
26 AD 74 (9) - SPM99 N 
26 HC 69 (8) 















al. 2006  
 





























19 MCI - 72-84 












10 MCI 75.3 (8.8) 
10 AD 77.2 (6.8) 
Lim et al. 
2012a 
 
30 HC 72.4 (4.5)  Freesurfer Y 
30 LLD 73.7 (6.4) 













46 HC 66.8 (6.7)  Freesurfer N 
72 PD 63.8 (9.0) 
32 PSP 70.6 (5.3) 
15 MSA-P 64.3 (4.3) 
Morra et al. 
2010  
 
20 AD  - AdaBoost Y 
20 HC 










331 MCI 75.0 (7.2) 
154 AD 75.2 (7.5) 
Rombouts et 
al. 2000  
 
7 AD 65 53-75 SPM99 N 
7 HC 57 51-68 
Sabuncu et 




10 HC  <30 FreeSurfer Y 
9 HC 30-60 
9 HC 60+ 
11 AD - 
Sánchez-
Benavides et 
al. 2010  
 
41 HC 68.5(8) - FreeSurfer Y 
23 MCI 73.4 (7) 
25 AD 75.9(6.1) 






38 HOA 70.6(5.2) - FreeSurfer V4 Y 
39 EOA 72.8(6.1) 
37 MCI 72.7(.1) 
11 AD 75.6(6.8) 








68 aMCI 76.8 (5.8) 
46 AD 79.1 (7.1) 
van Der Lijn 
et al. 2008  
 






36 HC 76.5 (5.1)  Freesurfer Y 
30 AD 77.3 (5.0) 













392 MCI 74.68(7.39) 
182 AD 75.8 (7.63) 
Ystad et al. 
2009  
 
170 HOA 62.2 46-77 FreeSurfer N 
       
Table 3.1: Total number of participants, population type, mean age, standard deviation, age 
range and whether the automated methods were validated against a reference standard from 
the 29 studies that used automatic methods to measure the hippocampus in patients and 






Abbreviations of sample type for tables 1, 2 and 3: 
AD – Alzheimer’s Disease; HC – Healthy Controls; BPD – Bipolar Disorder; aMCI – 
amnestic/Mild Cognitive Impairment; HOA – Healthy Older Adults; HYA – Healthy Young 
Adults; LLD – Late-Life Depression; PD – Parkinson’s Disease; PSP – Progressive 




This left 17 papers that compared the automated segmentation against manually 
derived segmentation in the same participants (Table 3.2). Therefore these 17 studies 
































9 MC 65-83 - - 0.94x0.94x1.5 No 
8 AD 65-83 - 
16 MC 20-58 - 0.8x0.8x0.8 
16 BPD 20-58 - 









et al. 2005  
 
 
20 AD - - - 1.5mm No 
19 MCI - 
15 MC - 
Csernansky 






18 HOA 74.2, 
(5.2) 
9/9 1.5 Isotropic 
1mm 
Yes 
18 AD 74, 
(4.8) 
9/9 










0/56 1.5 2mm No 
Grabner et 
al. 2006  
 
118 HOA - - 1.5 Isotropic 
1mm 
No 







20 MC 74, 
(6.2) 
10/10 1.5 3mm Yes 
20 CI 74.2, 
(1.3) 
16/4 
20 AD 74.5, 
(6.2) 
10/10 
Khan et al. 
2011 
 















10 MC 78.6, 
(5.4) 
6/4 1.5 1.2mm No 
10 MCI 75.3, 
(8.8) 
7/3 
10 AD 77.2, 
(6.8) 
7/3 





30 MC 72.4, 
(4.5) 
14/16 3 Isotropic 
1mm 
Yes 
30 LLD 73.7, 
(6.4) 
15/15 




20 AD - - - - No 
20 MC - 
Sabuncu et 




10 MC <30 - 1.5 Isotropic 
1mm 
No 
9 MC 30-60 
9 MC 60+ 
11 AD - 
Sánchez-
Benavides 





41 MC 68.5, 
(8) 
46/54% 1.5 1.5mm No 
23 MCI 73.4, 
(7) 
52/48% 
25 AD 75.9, 
(6.1) 
32/68% 





39 MC - - 1.5 Isotropic 
1mm 
Yes 
39 EOA - 
37 MCI - 
11 AD - 







103 MC 70.8, 
(5.3) 
25/78 - - Yes 
68 aMCI 76.8, 
(5.8) 
33/35 
46 AD 79.1, 
(7.1) 
19/27 
van Der Lijn 
et al. 2008  
 
 
20 HOA 74.6, 
(8.2) 
55/45% 1.5 1.25mm Yes 
498 HOA 73.5, 
(7.9) 
50/50% 






222 MC 76, 
(5.1) 
106/216 1.5 1.2mm No 
392 MCI 74.7, 
(7.4) 
138/254 





Table 3.2: Shows the participant demographics; n, population type, age and gender of the 17 
included papers as well as the scanner field strength, voxel size, slice thickness and software 







3.3.2 Included populations 
 
The 17 included papers had a total of 2377 participants, aged between 30-106 years. 
Twelve studies had fewer than 100 participants, whilst five studies had over 100 
participants (Table 3.2). Four papers provided the age range of the participants, nine 
papers gave the mean age and four papers reported that their participants were elderly, 
but did not provide the age of their participants. The healthy older adults represented 
52% of the data from the included studies, 25% had Mild Cognitive Impairment, 16% 
Alzheimer’s disease, with the remaining 7% taken up by other groups (Figure 3.1).  
 
 
Figure 3.1: Pie chart showing the percent each sample type represents in the whole 
population sample of included studies. 
 
Of the total number of participants (2377) in the 17 studies, only 1652 participants 
appeared to be included in the comparison between manual and automated methods. 
This was due to three papers (Gosche et al, 2001; van Der Lijn, 2008; Wolz et al, 
2010) using a subsample of their total data set to compare manual with automated 
methods. This reduces the percentage represented by healthy older adults, in the total 
population with manual segmentations (1652) to 43% and those with Alzheimer’s 
disease to 13%. It increases the share of those with Mild Cognitive Impairment to 






Figure 3.2: Pie chart showing the percent each sample type represents in the total sample 
involved when validating automated methods in the included studies. 
 
Seven studies did not provide gender information (Bishop et al, 2011; Brewer et al, 
2009; Carmichael et al, 2005; Grabner et al, 2006; Morra et al, 2010; Sabuncu et al, 
2010; Shen et al, 2009), from the remaining ten there were 842 males and 1172 
females. Thirteen out of seventeen papers stated that the images in their study were 
acquired at scanner strength of either 1.5T (11) or 3T (2). Slice thickness ranged from 
0.8mm to 3mm in the fifteen papers that reported this information. Only seven of the 
seventeen papers stated that they had normalised hippocampal volume by intracranial 
volume (ICV), of the remaining ten papers no information was provided to suggest 
that hippocampal volumes had been normalised by any other metric (Table 3.2). ICV 
should be considered when calculating similarity indices, as it is used to determine 
how much of the reference standard is contained in the binary mask that identifies the 
region that has been segmented and how much of the region that should not be 
included has been correctly left out. 
 
3.3.3 Brief description of automated methods 
 
All 17 included papers performed automatic segmentation of the hippocampus using a 
registration model that fits a segmented volume from an atlas to that of the subjects in 





general they were of two main types; standard downloadable atlases such as those 
from Harvard (Shenton et al, 1995) or the Montreal Neurological Institute (MNI; 
Evans et al, 1993), and cohort-based atlases. The Harvard atlas uses a white, right-
handed, 25 year-old male chosen due to the good quality of the image data. The MNI 
atlas was developed from a database of 305 participants, 239 males and 66 females 
with a mean age of 23.4 (4.1) years. Another common atlas used is the Talairach 
(Lancaster et al, 1997) that is based on post-mortem analysis of the left hemisphere of 
a 60-year-old female. Cohort atlases are based on one or a set of manually segmented 
images taken from the population that the automated segmentation will be applied to. 
The images are chosen at random and used as a reference image with which to train or 
develop the algorithm on. Standard atlases were used in eight papers (Bishop et al, 
2011; Carmichael et al, 2005; Grabner et al, 2006; Leung et al, 2010; Lim et al, 
2012a; Morra et al, 2010; Sánchez-Benavides et al, 2010; Shen et al, 2009) and nine 
papers used cohort atlases (Brewer et al, 2009; Csernansky et al, 2000; van Der Lijn, 
2008; Gosche et al, 2001; Hsu et al, 2002; Khan et al, 2008; Sabuncu et al, 2010; Shen 
et al, 2012 Wolz et al, 2010). Cohort-based atlases appeared to provide better 
registration (Carmichael et al, 2005; Khan et al, 2011; Shen et al, 2012).    
Methods used to register the hippocampus template to the sample ranged from linear 
affine to fully deformable models, or combined with iterative refinement processes 
(Wolz et al, 2010; Grabner et al, 2006). There are many different registration 
algorithms but they can be broadly classified into affine, semi-deformable and fully 
deformable methods. Affine registration uses rigid/linear transformations to fit the 
whole chosen atlas to the image, meaning that the relationship between voxels 
remains constant. Semi-deformable methods spatially align the atlas to the target 
image smoothing gradually at each iteration, and allowing a greater degree of voxel-
to-voxel deformation. Fully deformable registration has no spatial constraints 
meaning that the geometric position of each voxel can be completely altered to fit the 
target image. Carmichael et al. (2005) found that more highly deformable geometric 
transformation models tended to achieve better results than less-deformable models, 
which was in agreement with earlier studies (Crum et al, 2001; Fischl et al, 2002; 






3.3.4 Statistical analysis used to compare methods     
 
The 17 included papers used various measures of overlap, correlation, distance and 
similarity between manual and automated methods to assess the accuracy of the 










Difference between methods 
Combined Left Right 
Bishop et al. 
2011 





      
Brewer et al. 
2009 
40/40 ICCs 0.93 p<0.001 - - 
Pearson correlation 0.88 p<0.001 












51/51 Overlap of contours 80% - - 
      
Gosche et al. 
2001 
11/56 Correlation with two 
separate raters 
 0.81 0.78 
0.79 0.64 
      
Grabner et al. 
2006 






      
Hsu et al. 
2002 
60/60 Correlation - 0.92 0.91 
      
Khan et al. 
2011 









Leung et al. 
2010 














      
Lim, Hong, et al. 
2012 
60/60 Dice coefficient 0.7 - - 
      
Morra et al. 
2010 
40/40 Correlation with two 
separate raters 
- 0.740 0.717 
0.694 0.709 
      
Sabuncu et al. 
2010 
39/39 Auto – Manual vol 





      
Sanchez-
Benavides 






%  Difference 10% 11% 
Pearson 
Correlation 0.85 0.84 
      




- 0.850 0.832 
      
Shen et al. 
2012 
217/217 Jaccard Index MNI template 0.51 0.35 
Template S 0.77 0.73 
Template E 0.80 0.73 
False-positive ratio MNI template 0.42 0.54 
Template S 0.20 0.22 
Template E 0.10 0.27 
False-negative ratio MNI template 0.56 0.75 
Template S 0.25 0.32 
Template E 0.19 0.27 
Similarity index MNI template 0.13 0.19 
Template S 0.05 0.10 
Template E 0.02 0.01 
      
Van der Lijn 
et al. 2008 
20/20 Relative Vol 
Difference 















498/498 Dice overlap 
 
0.85 0.85 





Table 3.3:  Seventeen papers that validated the automated method against manual 
measurements of the same participants; details of the statistical analyses and agreement 
between methods. 


















































Spatial overlap measures show either the concordance or the differences between two 
segmentations of the same structure, by overlaying segmentation output masks over 
one another, usually registering the experimental method to the reference standard 
mask. The number of voxels that are common and/or differ are calculated, providing a 
statistical comparison based upon the spatial overlap of the two masks (Figure 3).  
 
 
Figure 3.3: Shows an example of a hippocampal segmentation mask at spatial overlap of 0.0, 
0.5 and 1.0.  
 
Similarity measures that assess spatial overlap were employed in eleven papers 
(n=748/1652), (Bishop et al, 2011; Carmichael et al, 2005; Csernansky et al, 2000; 
Khan et al, 2011; Leung et al, 2010; Lim et al, 2012a; Sabuncu et al, 2010; Sanchez-
Benavides et al, 2010; Shen et al, 2012; Van der Lijn et al, 2008; Wolz et al, 2010), 
eight studies (n=503/1652) used correlation coefficients of the numeric hippocampal 
volume without accounting for spatial concordance, (Brewer et al, 2009; Gosche et al, 
2001; Grabner et al, 2006; Hsu et al, 2002; Morra et al, 2010; Sanchez-Benavides et 
al, 2010; Shen et al, 2009, Van der Lijn et al, 2008).  Four studies (Bishop et al, 2011; 
Sánchez-Benavides et al, 2010; Shen et al, 2012; van Der Lijn et al, 2008) used more 
than one type of measure to investigate the differences in hippocampal volume 
between methods (n=503/1652). From the four papers with over 100 participants used 
to validate the automated method, two used correlation statistics to assess agreement 








Index, Similarity index, False-positive and false-negative ratio (Shen et al, 2012), and 
one paper used the Dice coefficient (Wolz et al, 2010). The range of correlation 
coefficients reported was from 0.64 to 0.92, and the overlap/similarity measures 
ranged from 0.77 to 0.87. Seven papers (Bishop et al, 2011; Leung et al, 2010; Morra 
et al, 2010; Shen et al, 2009; Shen et al, 2012; van Der Lijn et al, 2008; Wolz et al, 
2010) visually assessed the segmentations from the automated method, with most 
reporting under and oversegmentation. All 17 papers reported their agreements as 
‘acceptable’, suggesting that they considered the results to be sufficient in 
determining hippocampal volume. None of the included papers reported significant 
differences between methods.  
 
3.3.5 Reported discrepancies between methods 
 
Discrepancies reported between methods included over and under segmentation, 
registration error, and difficulty identifying the medial boundary of the hippocampus 
resulting in poor segmentation by the automated method. Both over and 
underestimation by the automated method were reported, with the direction of 
difference changing depending on the category of participants. For example, Van der 
Lijn et al (2008) reported that hippocampal volume correlations with age were 
significant when measured manually but not when the volumes were derived using the 
automated method. Others stated that the automated method produced 10% smaller 
volumes than the manual segmentations in their sample due to the method having 
difficulty with limited image resolution (Hsu et al, 2002). An optimised, age 
appropriate template segmentation was reported to have performed better than those 
using standard templates, however a 9% underestimation of the volume was found 
compared to manual segmentations of the same sample (Shen et al, 2012). And 
Bishop et al (2011) reported overestimation by the three automated methods, 







Figure 3.4: Examples of under (top image) and over (bottom image) segmentation by 
FSL_FIRST. 
 
Differences in manual tracing protocols introduced variability to the reference 
standard, which may account for some of the differences between automated and 
manual segmentations. Specifically, the atlases employed by some automated 
methods were originally derived from manually traced segmentations. If the tissue 
classification of the hippocampus differs significantly from the manual tracing 
protocol included for comparison, systematic errors will be introduced (Carmichael et 
al, 2005). However, we were unable to assess the magnitude of this effect across the 
studies.    Despite reporting no significant difference between the automated and 
manual methods overall, one paper found that Alzheimer’s disease participants 
showed a significant difference between the size of the hippocampus in the left 
hemisphere versus the right hemisphere (Sánchez-Benavides et al, 2010) using the 
manual segmentations, but not using the automated segmentation. The same study 
found that an association between hippocampal volume and performance on the Mini 
Mental State Exam that was significant with the automated method, was not 
significant using the manual volumes (van Der Lijn et al, 2008).  Another study that 
reported different results between groups depending on the method used was Bishop 
et al (2011). They reported finding that their in-house developed method showed no 
significant false-positive rate bilateral group effect between the healthy control and 
Missed portion of 
the tail 






Alzheimer’s disease groups, compared to a right hippocampal increase of 23% using 




Ageing is now a major strategic health priority, and the hippocampus is a vital target 
for researchers aiming to understand the ageing process. It is implicated in one of the 
most common dementia types, Alzheimer’s disease, but a large degree of variability 
in hippocampal volume and correlations with cognitive performance is present in 
normal ageing. Understanding the processes that are affecting non-dementia related 
hippocampal atrophy is important if we are to discover why some older adults do 
better in later life than others. Information that can help researchers to determine 
people most at risk of ageing poorly, would provide an essential pre-disease period in 
which treatments and even intervention could be more successful. Developing 
methods to assess hippocampal volume is essential in this process, but to do it 
successfully can be difficult. The main findings from the review are that automated 
methods have been successfully applied to healthy older individuals brains. 
Unfortunately, somewhat limited validation in this population means it is difficult to 
conclude how reliable these methods are for use in studies of ageing. Those studies 
that did adequately validate automated methods found good agreement with manual 
segmentations suggesting that automatic approaches can provide a reliable alternative 
to manual segmentation of the hippocampus when appropriately setup. Comparison 
with manual volume measurements in eight of the papers was performed by statistics 
that simply compare the difference between two volume measurements, not the actual 
spatial concordance (503/1652 participants representing 30% of total participants in 
all studies). Hence, where an over-estimation has occurred in a specific area of a 
target object by one method and underestimation has occurred elsewhere, comparison 
of volume measurement will not reflect discrepancies. Furthermore correlation 
analyses are of very limited use in determining agreement or bias between methods.     
 
Despite all the included papers reporting either no significant differences between 
automated and manual volumes or good overlap agreement, the variability in the 





compared to manual segmentations is concerning. The discrepancy may not be large 
enough to result in a significant difference but it is large enough to effect the outcome 
of the study findings, as shown for example when an association between a group 
characteristic and hippocampal size is significant with one method but not another. It 
is important to note that systematic bias, such as underestimation across a group, 
could seriously effect the conclusions made from the resultant analysis, therefore all 
segmentation methods need to be assessed for error rate within the population being 
studied.     
 
The lack of full demographic information about study participants makes comparison 
of studies difficult, as does the small sample sizes, varied image analysis methods and 
statistics used to measure performance. Specifically, the samples used to validate 
automated methods are, in some cases, considerably smaller than the entire data set. 
The purpose of employing automated methods is to avoid labour intensive manual 
segmentations. However, to be confident in the results, a comprehensive comparison 
with an adequately sized data set should be used. Of the eleven papers that measured 
agreement between manual and automated methods using statistical analysis that 
compares the spatial overlap of the two segmentations, only two papers (Shen et al, 
2012; Wolz et al, 2010) had relatively large sample sizes of 217 and 182 respectively. 
The authors reported good agreement with optimised parameters in both studies, 
significantly the use of templates or atlases that more effectively account for 
anatomical variation common in older adults produced the best results. This finding is 
encouraging as it suggests a practical way in which researchers looking to employ 
automated methods in older subjects can improve the performance of their chosen 
method. It also highlights the importance of validating methods in large well 
characterised data sets, something that is acknowledged by Khan et al (2011) who 
suggests that initial validation of a method may differ from practical scenarios thus 
application of methods in large, varied datasets is necessary.     
 
Atrophy in the brain occurs in various regions at different rates as we age, making 
registration using standard landmarks difficult in older brains. For the high degree of 
anatomical accuracy required to delineate a small structure such as the hippocampus 
successfully, registration needs to be very good. Templates used in registration have 





atrophy or high degrees of asymmetry. The differences between the young healthy 
brains used to produce atlases and those of old healthy brains will introduce error into 
the registration process, consequently affecting the accuracy of a method’s ability to 
segment a structure. Our findings suggest that a selected cohort atlas, or a manually 
segmented sample of the target data set from which the algorithm being used is 
trained, seemed to improve the performance of the automated methods (Carmichael et 
al, 2005). Also optimising the templates and registration methods for older 
participants was shown to provide more consistent results from automated software in 
an older dataset (Shen et al, 2012). Shen et al (2012) acknowledge that it is not 
generally recognised that age-specific templates are needed, though it seems obvious 
that templates that better reflect the anatomy of the target dataset would give better 
segmentation results. This highlights the importance of using age appropriate 
templates as well as thoroughly validating methods, especially on test data that the 
method is most likely to be applied to, for example using elderly participants when 
applying hippocampal segmentation methods.     
 
The automated methods used in these studies appeared to give a good approximation 
of hippocampal volume considering the minimal amount of user input required to 
produce segmentations once the program had been setup. The reduction in time taken 
to perform the segmentations is attractive, especially when large datasets are being 
analysed. Though good agreement was reported between automated and manual 
measurements, it was noted that all methods had errors. If the error was systematic 
across a sample (e.g. all hippocampi measured as slightly larger than true size) then 
the error may be acceptable; however error that is systematic across a population or 
patient group within a sample could lead to erroneous associations between variables.     
 
An important consideration when validating automated methods is that of assessing 
their reliability against manual ‘reference’ measurements of the same dataset. 
Definitions of the manual protocols being used needs to be stated when automated 
methods are being compared to manual measurements, to ensure that the operational 
definitions of both methods are clear and they are including/excluding the same 
structures. Though there are potential problems, such as rater error, with assuming 
manual methods as the reference standard it is necessary to validate methods 





being made to synthesise variation in manual segmentation protocols of the 
hippocampus (e.g. http://www.hippocampal-protocol.net). Visual assessment of 
segmentation output would be an advisable step to ensuring that automated methods 
are performing well, but this should accompany quantitative validation.   Further 
research is needed to produce better atlases for registration of older brains and better 
training templates for the hippocampus. Also their need to be more automated 
hippocampal segmentation methods tested in older participants and validated against 
manual tracing of the same data set. Automated segmentation techniques provide an 
alternative to manual segmentation when gross differences are anticipated in 
hippocampal volume, and bias and error in its measurement are considered to be 
amplified by the magnitude of biological difference across the study population.  
 
Significant progress in registration algorithms has already started to improve the 
performance of automated methods (Klein et al, 2009) and continuation of this work 
with older adult images in mind would be incredibly useful. The advancement in 
registration techniques feeds into the work showing that methods that employ multi-
atlas segmentation methods are more successful than single atlas methods (Aribisala 
et al, 2013). The advantage of a multi-atlas method is obvious where older adults are 
involved, as the inclusion of several atlases with more variation will be better able to 
account for the variability ubiquitous in older adult brains. In turn this leads to the 
importance of atlases being developed, and incorporated into automated processing 
pipelines, that are based on large samples of healthy individuals from a wide age 
range. Development of such atlases are also dependent on successful registration 
methods, therefore as each area moves forward the effect permeates the other and 
overall progress in the field significantly advances.     
 
Whilst automated methods are an appealing alternative to manual segmentation, 
especially in large data sets, development of more standardised techniques by which 
new automated segmentation methods are validated in relevant datasets, as well as 
reliable age-appropriate atlases, would be hugely beneficial to the brain imaging 
research community.  The application of two freely available automated methods to a 
sample of the LBC1936, who also have manual segmentations of the hippocampus for 





demonstrate the findings from this review, as well as find a suitable method to use for 





Chapter 4. Systematic review investigating reported protocols for    




The frontal lobes are implicated in many aspects of cognition such as planning, 
memory and response inhibition, as well as deficits in this region being linked to 
various neuropsychiatric and neurodevelopment disorders (Ranta et al, 2009). Age-
related decline in cognitive tasks thought to be involved predominantly in the frontal 
lobe, led researchers to investigate the possibility that this region is adversely affected 
by brain tissue loss as we age (West, 2000). The ‘frontal lobe hypothesis’ suggests 
that functions dependent on the frontal lobes will be adversely affected by ageing 
whilst functions not reliant on the frontal lobe will be relatively unaffected (West, 
2000). A review by Greenwood (2000) examines the efficacy of this hypothesis by 
looking at the literature regarding the effects of ageing on functions mediated by 
prefrontal, parietal, temporal and occipitotemporal lobes. The review concluded that 
age related changes occur both functionally and structurally in the frontal lobe, but not 
to a greater extent than the other lobes that were examined. It seems likely that frontal 
regions are involved in age-related decline even if the extent of that involvement is 
unclear.  
 
One reason for the conflict in how implicated frontal brain regions are in age-related 
decline may be due to the variation in segmentation protocols applied to measure the 
frontal lobe. If researchers do not apply the same posterior boundary to segmentations 
across all studies, reported results may differ due to the fact that the same 
anatomically defined tissue is not being measured. Neuroanatomical definitions 





and temporal lobe respectively (Duvernoy, 1999). Unlike for subregions of the frontal 
lobe there seems to be little debate about the definition of the posterior and lateral 
boundary of the whole frontal lobe (Cox et al, 2014). However, there is much 
variation in how this anatomical boundary is applied to segmentation of MR images. 
The fairly robust assumption that brain topology reflects underlying tissue structure 
can be used to guide segmentation but the practical application of this method from 
MRI has led to the use of gross geometric landmarks in determining boundaries. The 
use of cut-planes, where a single anatomical landmark is identified and a straight-line 
from this point is drawn to determine the frontal lobe posterior boundary, have been 
employed (Wible et al, 1995). Geometric grids and cut-planes that use structures other 
than those that have been identified as being anatomically related to the frontal lobe, 
only serve to introduce variability within the measurement despite having been 
employed to reduce variation.   It was therefore deemed important to look at the 
variation in reported anatomical boundaries and methods used in segmentation 
protocols applied to measuring the frontal lobe.  
 
4.1.1 Anatomical definition 
 
At its posterior-lateral edge, the frontal lobe is situated anterior to the central sulcus. 
Also known as the central fissure of Rolando, this deep sulcus runs from the medial 
wall, over the lateral convexity until its ventrolateral termination at the sylvian fissure, 
separating the frontal lobe from parietal tissue. The precentral gyrus itself contains the 
primary motor cortex (BA4), immediately anterior to the precentral sulcus (PrCS) and 
supplementary motor area (SMA; BA6; Duvernoy, 1999). The differentiation between 
frontal and prefrontal lobe is traditionally made on the lateral surface, with the latter 
excluding both motor and supplementary motor regions (Semendeferi et al., 2001). 
The frontal lobe is ventrolaterally separated from the temporal lobe by the sylvian 
fissure, and on the ventral aspect is divided from the insular cortex (considered by 








4.2.1 Search strategy 
 
We searched abstracts and article titles using MESH headings in Medline and 
EMBASE, (covering articles from 1946 to present) on 22nd September 2011 using the 
search string;  (structural OR structure OR volume OR volumetric) AND (parcellate 
OR parcellated OR parcellation OR measure OR measurement OR estimate OR 
estimation) AND (frontal OR prefrontal). The references of all screened articles were 
searched for further relevant papers. 
 
4.2.2 Inclusion/Exclusion criteria 
 
Those studies reporting a method for manual tracing of the human frontal lobe from 
landmarks or three-dimensional boundaries on MR images; and those papers that 
were published in English were included. Studies that were excluded were those that 
involved exclusive use of co-ordinate grid systems; where insufficient detail was 
given to describe a complete segmentation protocol; if studies repeated the same 
method using the same participants; if a fully automated method was used or 
functional MRI was employed. Information was reviewed from both publication and 
supplementary material where available. Where a protocol was unpublished, the 
authors were contacted in the first instance, and the study excluded if there was no 
reply.   
 
4.2.3 Data Extraction and Synthesis 
 
We extracted information on boundary limits for ROI in frontal lobes, study 
population, sample size, age range, MR sequence used, scanner field strength (Tesla), 
slice thickness (mm), image pre-processing steps (image alignment), number of 
regions measured, inter- and intra-rater correlation coefficients (Appendix 1). 
 
4.2.4 Study Selection 
 
There were 1740 records initially identified and once duplicates were removed this 





using automated structural methods, functional MRI techniques, or animals. Studies 
applying the same protocol to different cohorts were not excluded as they contribute 
unique information concerning validity and reproducibility in a range of clinical 
populations or age groups. Of the 232 remaining studies 24 were excluded due to: 
lack of boundary information (n=15), regions not intended to be exclusively frontal 
(n=5), grey literature (n=1), and re-reporting previous results (n=5). This left 208 
reviewed publications (Figure 4.1). Due to the number of references, a separate 















4.2.5 Study Characteristics 
 
The 208 reviewed papers include 10,903 participants, with a mean of 29 per 
participant group (median = 22, range = 1-200). The main topics of interest were 
schizophrenia (25%), affective disorders (unipolar, bipolar, major and minor 
depressive disorders 13%), dementia (7%), and healthy adults of various ages (26%). 
Study dates span 1988-2011, and MRI scanners range from 0.1T to 3T in field 
strength. 
 
4.3 Results  
 
Amongst the reviewed publications, there were a number of variations in the use of 
lateral, medial and ventral aspects of the posterior frontal lobe boundary. We 
identified 19 different methods, using 15 different landmarks, for establishing the 
posterior frontal boundary, which has clear implications for between-study 
comparison. Though the central sulcus was occasionally adopted as the overall 
posterior boundary the absence of a clear topographical landmark makes identifying 
the anterior limit of the supplementary motor area (and therefore the posterior extent 
of the prefrontal region) problematic. This has led to common use of the precentral 
sulcus (PrCS) as the most posterior boundary for defining the prefrontal (as opposed 
to frontal) lobe. Thirty-one papers reported that their measures began anterior to the 
PrCS. Although use of either central or pre-central sulcus was common, it can be 
challenging to determine their course when visualising the brain in 2D slices, as 
reported by several authors (Coffey et al., 1991, Lyoo et al., 1998 and Pantel et al., 
1997). Common strategies to overcome this were the use of simultaneous tracing in 
multiple slice orientations or software that allows ‘painting’ onto 3D renderings to be 







Figure 4.2: Shows the pre-central (orange) and central (blue) sulci marked on the 
surface of a 3D rendered brain.  
 
Given the difficulty in accurately identifying caudal aspects of the frontal lobe where 
such methods are unavailable, imposing a coronal cut-plane as the posterior boundary 
was also found to be a common method. The slice just anterior to, or in which the 
genu of the corpus callosum appeared was cited by 45 papers as the frontal lobe 
posterior boundary. The use of two coronal cut planes, one above the body of the 
corpus callosum where the central sulcus traverses the midsagittal line and one below 
the genu that intersects the anterior point of the inner surface of the genu, were 
applied in studies after Crespo-Facorro et al. (1999). Pantel et al. (1997) used the 
splenium of the corpus callosum but only in the superior slices where it appeared; 
above the mamillary bodies, a horizontal line from the lateral sulcus (Sylvian fissure) 
to the midline was used. Other studies used a coronal plane at the midpoint of the 
corpus callosum (Jernigan et al. 1991; Bartzokis et al. 1993), or a coronal plane a set 
distance anterior to the most anterior coronal extent of the temporal stem (after Wible 
et al. 1995). Coronal cut planes have also been employed at the anterior commissure 
(Bjork et al., 2009; Bremner et al., 2000; Filipek et al. 1997; Nifosi et al., 2010), 
anterior extent of the lateral ventricles (Coffey et al. 1998), bilateral appearance of the 







1991; Lyoo et al. 1998), the mamillary bodies (Cowell et al., 1994), or 6 mm posterior 
to the septum pellucidum (Noga et al., 1995) (Figure 4.3). Several papers (Convit et 
al., 2001; Gold et al., 2005) attempt to distinguish the supplementary motor area from 
the prefrontal lobe by identifying the coronal plane that equally divides the distance 
between the cingulate sulcus and the precentral sulcus.  
 
 
Figure 4.3: Variation of single cut plane boundaries displayed on a sagittal T1W MRI. 
 
Although the majority of cut-plane methods use the selection of distant, sub-cortical 
landmarks to position cut-planes for the posterior frontal boundaries, explicit attempts 
to combine cortical topography and cut-planes have also been applied. Kates et al. 
(2002) selected a coronal slice at the appearance of the precentral gyrus, allowing the 
exclusion of the supplementary motor area between this plane and the precentral 
gyrus, based on relevant cortical folding and presumed underlying cytoarchitecture. 
However, the extent of variation in the angle of the precentral gyrus as it ascends from 
the dorsal aspect of the brain is unknown.    A number of cut planes have also been 
used to limit the most posterior extent of the ventral frontal lobe. The substantia 
perforata is a landmark used for many of the papers after Rademacher et al., (1992) to 
define the posterior boundary of the orbital regions, although Szeszko et al (1999) 
report difficulties in identifying this. They suggest instead using the most posterior 
coronal slice in which the olfactory sulcus maintains its characteristic shape, although 





the central or precentral sulcus to guide frontal lobe segmentation stated the use of the 
circular sulcus of the insula as the ventral boundary, following traditional anatomical 
and functional convention. Therefore, whilst the method by Kates et al. (2002) may be 
a promising approach because it avoids the difficulty in following the central or PrCS 
in two dimensions and takes account of local topography to some degree, further work 
would establish whether the area of frontal lobe excluded is equivalent in each 
individual.  The lateral ventricles vary greatly in size within a healthy population, and 
as such would be a significant determinant of the resultant volumes if using these 
boundaries (Blatter et al. 1995). Measures obtained using these landmarks has further 




The review of frontal lobe posterior boundaries revealed an overwhelming degree of 
variation between anatomical definitions and protocols. The consequences of such 
variability in literature attempting to understand the role of the frontal lobe in ageing 
is evident in the amount of discrepancies being reported between associations (Zhou 
et al, 2005). The implications of this variability are wide reaching, as research into 
frontal lobe decline/deficits straddles many domains and is crucial in our 
understanding of the potential pattern of brain tissue deterioration with normal ageing. 
The reasons given for use of geometric or unrelated landmarks, to reduce tracer 
variability and improve reproducibility of a method, are not sufficient when accuracy 
is being sacrificed. Protocols that utilise topographical information related to sulcal 
and gyral patterns alongside software that allows for 3-D visualisation of an image 
(Schretlen et al, 2000), have proven to be both accurate and reliable with inter-rater 
correlations of 0.99.  
 
There are important steps that should be taken to reduce variability when employing 
manual protocols for frontal lobe segmentation, such as ensuring all images are 
consistently aligned to a chosen axis (e.g. AC-PC), and that decisions concerning 
individual variation in brain morphology are followed accurately. The importance of 
following a standardised, well validated protocol cannot be stressed enough, as any 





failure to identify the correct boundary. Future research should focus on developing a 
method that combines identification of anatomically clear boundaries with time 
saving and reproducible techniques, the most effective approach is likely to be semi-
automated. 
 
To investigate what implications this variation could mean in actual volumetric 
measurements, the most commonly applied protocols were applied to a representative 
sample of the LBC1936. This experiment is described, the results presented and 
findings discussed in the next section.   
 
 
Section 3. Global measures 
 
When attempting to quantify age-related brain changes it can be difficult to know 
where to start, however the most obvious place to begin would be to try to establish a 
measure of whole brain shrinkage or atrophy. Brain atrophy is one of the most 
common features of normal ageing and measuring brain volume would provide an 
acceptable comparison between individuals in cross-sectional studies. The difficulty 
with comparing volumes between individual’s brains is how to account for the 
variation in head size that naturally occurs in the population. For example a person 
who is five foot with a petite frame will invariably have a smaller head, and therefore 
brain, than a six foot large framed person, but it does not necessarily follow that one 
will suffer more brain atrophy than the other. How then do you establish who has 
undergone more brain volume deterioration from a single time-point scan without a 
measure of maximum brain size prior to age-related changes; the simplest way is to 
use an intracranial volume measurement. The following chapters discuss the 
reasoning behind using intracranial volume as a proxy measure of maximum brain 
size, how this measure is made in a large older sample of cross-sectional data and a 












It is assumed that once the skull bones have fused and reached maximum size around 
early adolescence, the size of the cranium remains stable throughout the lifespan 
(Courchesne et al, 2000). This is unlike brain tissue that degenerates as we age, 
though the degree and pattern of degeneration varies between individuals (Raz and 
Rodrigue, 2006). Using cross-sectional MRI we can estimate this change by 
measuring the contents of the cranium or inner skull table, resulting in a measure of 
intracranial volume, and seeing what proportion of that volume the brain tissue 
occupies. The idea is that an ICV measurement provides a proxy measure of the 
maximum size of the brain in youth from which we can establish the degree to which 
a person’s brain has declined. Development of the skull has been directly linked to 
brain growth in childhood, but remains stable once peak brain size is reached in late 
adolescence (Shenkin et al, 2009a; Shenkin et al, 2009b; Shenkin et al, 2009c). 
However the brain continues to change over the life course, with overall volume 
steadily decreasing from adulthood and declining more sharply in old age 
(Courchesne et al, 2000; Tang et al, 2001; Allen et al, 2005).  
To establish if using an ICV measurement as a proxy measure of brain volume that is 
unaffected by age-related decline, longitudinal ICV measurements spanning from 
childhood to old age would be needed. For obvious reasons there are not yet 
longitudinal studies of brain changes throughout the entire lifespan but cross sectional 
data involving large age ranges does exist (Fjell et al, 2009). It is not common for 
studies of this kind to use ICV measurement as anything other than a way of 
accounting for differences in head size between individuals. Therefore it can be 
difficult to assess the trajectories of ICV between ages from published studies. A 
basic comparison using cross-sectional data, of ICV in young adults with ICV in older 
adults would provide an indication that ICV is stable at the mean level across 
adulthood.   
Freely available data of healthy adults from the age of 18 to 80 was used to look at the 
variation of ICV compared to brain tissue volume, to try and establish the relative 







We used data from a freely available online MRI data set (http://www.oasis-
brains.org) of 416 (119 males, 197 females) healthy adults with ages ranging from 18 
to 96 years. All subjects underwent a clinical assessment to screen for dementia and 
other neurological disorders.  
The scans were T1W magnetisation rapid gradient-echo (MP-RAGE) images acquired 
on a 1.5 Tesla Siemens scanner in a single session. ICV and total brain volumes were 
acquired automatically using atlas based segmentation methods (Marcus et al, 2007).   
We grouped the data roughly by decade to assess change across the age range and 
compared the mean raw ICV per group; we also compared the mean total brain 
volume as a percentage of ICV, which was provided online, and compared the mean 
value for each group. Full details of the image analysis are given in Buckner et al 
(2004) but briefly ICV is estimated by scaling the manually traced ICV of the atlas by 
the factor of the affine transform that connects each individual brain to the atlas. 
FSL_FAST (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) was used to obtain brain tissue 
volume by assigning voxels as grey, white matter or cerebrospinal fluid. The brain 
tissue volume is then calculated as all those voxels classified as either grey or white 
matter within the brain mask. We grouped the data roughly by decade to assess 
change across the age range and compared the mean raw ICV per group; we also 
compared the mean total brain volume as a percentage of ICV, which was provided 
online, and compared the mean value for each group. 
 
5.3 Results  
 
As displayed in Table 5.1, when grouped by decade, mean ICV differs between the 
youngest (18-28 years old) and oldest group (84-96 years old) by 65cm3, which is less 
than the standard deviation of 158cm3 measured across the whole sample (18-96 years 
old). The percentage mean TBV, expressed as a percentage of ICV, shows a decrease 
of 14.1% between the youngest (84.7%) and oldest groups (70.6%), where the 
standard deviation across the whole group is 6%. In males mean ICV was 181cm3 












18-28 135 59/76 22.07 (2.58) 1515 (150) 84.7 (1.9) 
29-39 19 13/6 32.68 (3.35) 1511 (133) 83.1 (2.0) 
40-50 36 12/24 46.19 (2.97) 1446 (164) 82.1 (2.3) 
51-61 33 10/23 55.97 (3.11) 1462 (161) 81.0 (2.2) 
62-72 63 23/40 68.27 (3.08) 1449 (138) 75.8 (4.2) 
73-83 90 29/61 77.68 (3.32) 1478 (182) 73.2 (3.2) 
84-96 40 14/26 88.03 (3.01) 1450 (149) 70.6 (3.4) 
 
Table 5.1: Mean estimated intracranial volume (eTIV) and percentage total brain volume of 
eTIV (TBV) grouped by decade, in the whole dataset and split by gender. 
 
 
Figure 5.1 plots ICV (Panel A) and TBV (Panel B) by age for the whole sample, 
males and females. In all cases, ICV remains broadly stable across age, whereas TBV 







Figure 5.1: Plot depicting the stability of ICV from youth to old age (Panel A) and the decline 
in the percentage of brain tissue in ICV from youth to old age (Panel B). Data (N=416) were 
taken from an open source-imaging database (http://www.oasis-brains.org). Data are plotted 




Overall this simple analysis demonstrates that ICV is a relatively stable variable over 
the lifespan, with no significant differences between young and old adults. However 
as expected brain volume declines with age, due to tissue degeneration, with a 
significant decline in later life (70-80 years old). It is therefore fairly reasonable to 
assume that ICV can be reliably used as a proxy for maximum brain size, making it an 
important variable to be used in ageing research.  
The brief analysis presented in this chapter supports the hypothesis that intracranial 
volume can be used as a proxy for brain size in youth, as unlike brain tissue volume, 
ICV varies little with age. Therefore we can assume that ICV is generally unaffected 
by age-related changes, providing a stable basis from which to estimate changes in 
brain tissue volume. Now that the efficacy of ICV measurements in ageing studies has 
been explored, finding an appropriate method by which to measure ICV is 
investigated. The specific difficulties associated with a large sample size and the 
inclusion of older participants in a study requires special attention to be given to the 
method used when obtaining any volume measurement from MRI. In Chapter 6 the 
‘time versus accuracy’ trade-off that is so prevalent in large-scale neuroimaging 
research is examined in an attempt to find a robust method of measuring ICV. 
Presented is a comparison of a semi-automated and automated methods of measuring 








Chapter 6. Intracranial volume measurement 
6.1 Introduction 
 
Intracranial volume (ICV) represents the maximum brain size in youth and thus 
provides an important comparator when assessing brain tissue loss in ageing or 
neurological disorders. ICV is most commonly used to correct for individual 
differences in head size between participants in a sample, as a way of reducing 
variation across a group whilst preserving important individual features. Whitwell et 
al (2001) found that inter-individual variation was significantly reduced when cross-
sectional brain volume measures were corrected using total intracranial volume. The 
process of accounting for individual differences in brain size is especially important in 
cross-sectional studies where natural variation within the sample population would be 
expected. This is not the case in longitudinal studies whereby change is accessed 
within the same person over time thus avoiding confounding differences between 
individuals. 
 
Traditionally ICV is measured manually or by utilising the boundary between the 
inner skull and CSF to apply a threshold with which to detect the edge of the 
intracranial vault. To do this in every slice of a scan is time consuming and would 
therefore be unfeasible in a large dataset such as the LBC1936. Automated methods 
of ICV measurement have been compared (Pengas et al, 2009), however despite 
reports of good performance, overestimation of ICV occurred when compared to 
manual segmentations of the same scans.  Commonly extracranial tissues were found 
to need to be removed with manual editing; this was also reported by Smith et al 
(2010) when using a Brain Extraction Tool to obtain a surrogate ICV measurement. 
One of the problems highlighted by Pengas et al (2009) was that the proximity of the 
skull and/or dura to the brain tissue sometimes made the edge of the dural margin 
difficult to distinguish. In older adults the dura and inner skull can thicken resulting in 
even less distinction in the CSF/skull boundary. Another confound is the presence of 
image artefacts and incidental findings, common in the ageing brain (Sandeman et al 








Figure 6.1. Image features on axial T2*W images, which can be mistaken for brain tissue; 
inflammation and fluid in the frontal sinus (left orange box) and nasal/maxillary polyps (right 
orange box). 
  
While these anomalies could be easily detected by an experienced neuroradiologist, 
they could be unnoticed by image analysts, who are the ones that most probably 
perform the task of computationally extracting ICV. The aim of this research was to 
determine a fast but accurate method of obtaining an ICV measurement, which could 
be reproducibly applied to a large number of older adult brains. We explored several 
computational methods for measuring intracranial volume from magnetic resonance 
(MR) images and assessed three that represented those explored. Three methods were 
chosen, two semi-automated and one fully automated, and these were validated 
against manual measurements, the reference standard, using both volumetric 
comparison and overlap/agreement statistics.  
 
6.2 Method 
6.2.1 Subjects  
 
We randomly selected a sample of 150 individuals using the results of the Moray-
House Test taken at age 11 and 70 years, atrophy, brain size and white matter lesion 
load. The sample is representative of the full range of early and later life cognitive 
ability in the larger LBC1936 cohort. The sample is made up of 86 males, 64 females 






6.2.2 Manual method or reference standard 
 
For the manual method a T2*W image was used as it shows a clear intensity 
difference between brain tissue and bone. A T2*W image was loaded into Analyze 
9.0, the axial image was then thresholded using the average value intensity from four 
regions of interest placed in dense white matter (corpus callosum) and bone on two 
consecutive slices. A seed point set at the calculated average threshold will then detect 
the edge of the ICV, where the meninges meets the signal void caused by the dense 
bone of the inner skull table, automatically. Once this seed point is placed, manual 
editing to remove any erroneous structures such as the optic tracts, orbits and pituitary 
fossa was performed in those slices where it was necessary (Figure 6.2).  
 
 
Figure 6.2. Axial T2*W image showing the seed point threshold prior to manual editing to 
remove erroneous structures such as the orbits and orbital tracts (within orange box). 
 
The inferior boundary of the ICV was determined to be the slice superior to the tip of 
the odontoid peg at the foramen magnum (Figure 6.3), and excluding the bilateral 







Figure 6.3. Sagittal T2W image showing the inferior boundary of the intracranial cavity at the 
foramen magnum, indicated by the orange line and boxed inset (top left). 
 
6.2.3 Test method 1 [Object Extraction Tool (OET)] 
 
The Object Extraction Tool in Analyze automatically extracts the contents of the 
intracranial cavity by applying morphological erosion, dilation, and region growing 
steps to a threshold predefined. To generate the binary mask, we placed a seed-point 
in the axial slice where the orbits appear and selected the optimal threshold as the 
intensity value that separated the optic nerve from the rest of the brain tissue. In the 
extraction process, morphological dilations were repeated automatically to cover 99% 
of the voxels in the auto- traced region on the target slice. After extraction, the holes 
in the extracted object were filled in and a final 6-connected 3D region growing step 
was performed.  
 
6.2.4 Test method 2 [OET plus editing aided by a colour fusion method]  
 
The colour combination of two or more sequences can help in discerning the 
boundaries of the intracranial cavity where artefacts and anomalies are present. The 
idea of using colour to enhance differentiation between tissues and other anatomical 
features in MR images is not new. Colour MR images were suggested by Holland and 





clinical colour MR images were published in 1987 by Weiss et al. Soon after, 
different colour composite techniques were implemented in different ways to improve 
the information content and enhance conspicuousness of specific tissues and fluids. 
The incidental findings of extracranial sinus inflammation previously shown can be 
easily detected by a non-specialist with the aid of the colour fusion of different 
sequences (Figure 6.4). 
 
Figure 6.4. Fused axial T2*W and FLAIR images showing the additional visual information 
used to distinguish non-brain features from brain tissue. 
MCMxxxVI has been described in detail in Chapter 2, but briefly it uses colour fusion 
to increase discrimination between tissue types, thus improving the users ability to 
accurately identify target tissues for editing. This method differs from the colour 
composite techniques summarised previously.  While utilising a colour scale that 
mimics the natural appearance of the tissues may be of benefit as an educational tool, 
it is unlikely that methods that produce seminatural-appearing or virtually realistic 
appearing tissue tones will serve to highlight pathology. Successfully differentiating 
otherwise unseen pathology is more likely to be achieved by the simple colour fusion 
of two or three different MRI sequences and uneducated observer, and will most 
likely be unrelated to the natural appearance of the tissues. 
As an additional step removal of the extracranial tissues following the automatic ICV 





6.2.5 Test method 3 [Brain Extraction Tool (BET)] 
 
BET (Smith et al, 2010) performs a fully automatic brain extraction in three main 
steps, which is used as a surrogate measure for ICV (Burns et al, 2008; Thoma et al, 
2009). Firstly it processes the intensity histogram to find robust lower and upper 
intensity values for the image, and a rough brain/non-brain threshold. Then, it finds 
the centre of gravity of the head image, along with the rough size of the head in it. 
Finally, it performs a triangular tessellation of a sphere’s surface inside the 
intracranial cavity and slowly deforms it, one vertex at a time, following forces that 
keep the surface well-spaced and smooth, while attempting to move towards the 
intracranial cavity’s edge in an iterative process. This process excludes part of the 
lower brain stem from the final extracted volume, although does not guarantee that its 
lower limit coincides with the standard boundary at the foramen magnum. 
The BET fractional intensity threshold was optimized by visually inspecting the 
brain/ICV extractions created with a range of thresholds in a sub-sample of brain 
volumes. A fractional intensity threshold of 0.6 was found to be the best compromise 
in our sample and subsequently applied to the full dataset. We did not perform any 
manual editing of the derived mask obtained by this method. 
 
6.2.6 Exclusion of the pituitary fossa  
 
In all of the methods employed, the pituitary gland was included in the ICV 
measurement despite it being arguably extracranial (Figure 6.5). The pituitary gland is 
a small endocrine structure located below the hypothalamus at the base of the brain, it 
is involved in hormone regulation in the body. Other studies have reported similar 
exclusion of the pituitary (Keihaninejad et al, 2010; Nordenskjöld et al, 2013). To 
assess how much the inclusion of this structure would influence the overall ICV, 
values before and after the exclusion of the pituitary in the manual measurements 






Figure 6.5: Axial T2*W image showing the pituitary gland (within orange box), which has been 
included in the ICV measurement. 
To remove the pituitary gland the line of the sella turcica, the bone cavity in which the 
gland sits, is followed to establish the boundary of the ICV (Figure 6.6).  
 





6.2.7 Statistical analysis 
 
Agreement between the manual method and the three test methods was assessed using 
Bland-Altman analysis of absolute and percentage differences, as well as Pearson 





The agreement between the manual method and the 1st) OET, 2nd) OET plus editing 
with MCMxxxVI and 3rd) BET test methods was assessed using Bland Altman 
analysis and Pearson correlations. The choice to use Bland Altman analysis in 
addition to correlation statistics was to try to ascertain the variation between 
measurements as well as the degree to which they agree.  This method is very helpful 
where under and over segmentation of structures can occur, as it provides positive and 
negative variance from the mean thus indicting if a method differs from the reference 
standard due to a volume being larger or smaller.  
 
The reference standard measurement of ICV had a mean of 1502.01cm3 (sd 142.78), 






































































































Legend; SD: standard deviation, CI: confidence interval. 
 
Table 6.1: Comparison of the reference standard measurements with the numeric results 
obtained by the methods evaluated. Absolute ICV, correlation, differences in volumes with 
95% CI of the difference and & mean difference between methods.  
 
The mean difference between the reference standard and the OET method was 2.18%, 
OET plus MCMxxxVI was 2.74% and BET was 5.38%. The 95% confidence 
intervals (reported in table 2) are best understood from looking at the Bland Altman 
plots (Figure 6.7), which show the % difference between two methods plotted against 







Figure 6.7. Bland-Altman plot comparing the ICV measurements done by thresholding 
followed by manual editing (reference standard method) and OET (Test method 1), OET with 
MCMxxxVI (Test method 2) and BET (Test method 3). 
 
The plot shows that although the OET (Test method 1) method may have produced 
the smallest mean difference (2.18%) compared to the reference standard, it produced 
a larger variation than OET with MCMxxxVI (Test method 2) whose mean difference 
was in fact larger (2.74%). As expected this shows that the OET (Test method 1) 
method alone is less reliable than with the additional step of manual editing, however 
it performed better than BET (Test method 3) in both instances.  
 
All three methods showed good correlations with the reference standard; OET (0.97r), 
OET plus MCMxxxVI (0.98r) and BET (0.98r), however in this instance how well 
two measures are associated does not give the full picture of which performed better.  
 
Bias was found in all three methods and visual inspection of the masks revealed that 
the main problems were inclusion of structures such as the clivus, orbits and pituitary 
gland. Also the inferior boundary of the foramen magnum was not consistently 
applied by the OET or BET methods, causing a small systematic bias.  
Jaccard Index (JI) analysis, which provides an indicator of how well segmentation 





investigation and therefore results are only comparing the reference standard, and the 
OET and OET with manual editing. For the OET method the JI was 0.966 and 0.970 
for OET with manual editing, showing that a small advantage can be made by 
manually editing segmentation output where necessary.  
 
Exclusion of the pituitary gland resulted in an overall mean difference of 0.29% 
(8.74cm3), with a maximum difference of 0.58% (18.06cm3) between the manual 
measurements that included and that which excluded the structure. This maximum 
difference of just over half a percent is so small as to be inconsequential in the 
measurement of ICV, however this is only when volumetric data is being used. If the 
resultant segmentation masks are to be used in conjunction with other tissue 
segmentation then the presence of the pituitary gland may result in erroneous 
measurements. Therefore it is important, where possible, to provide the most accurate 
segmentations of a structure especially where consistent boundaries can be used to 




Thresholding plus morphological operations followed by manual editing is the most 
reliable semi-automated measurement method for ICV compared with a reference 
standard manual method. The two fully automated methods (OET and BET), while 
fast, both require manual editing to avoid significant errors in ICV measurement and 
therefore do not necessarily speed up the overall process.  
 
Though the mean differences between the methods and reference standard only 
ranged from 2.18-5.38%, the variance between measurements was as much as 8.32%. 
When employing these methods to obtain ICV in studies where subtle differences are 
expected, these errors could be significant. If age-related differences are one such type 
of subtle change being investigated, the potential methodological errors highlighted 
here could hide important differences. Furthermore where ICV is being used in a 
pipeline, such as for registration of templates or other tissue masks, the inclusion of 
extracranial structures may influence the effectiveness of the fit thus influencing the 






The apparent contradiction of the OET method producing a larger mean value than 
OET plus editing using MCMxxxVI is due to Bland Altman being unable to account 
for spatial disagreement. Visual inspection of the OET masks show the exclusion of 
the dural venous sinuses in some areas due to the automated threshold being higher 
than the threshold used for the reference standard. Thresholds are calculated using 
gray- scale intensity levels. When a threshold that corresponds to a lower intensity 
level is set it will include more voxels in an image than the threshold corresponding to 
a high intensity level. For the Bland Altman analysis we subtracted the OET (Test 
method 1), OET with MCMxxxVI (Test method 2) and BET (Test method 3) volumes 
from the reference standard volumes and gave the percentage difference between 
methods. OET excludes intracranial structures in some areas but includes extracranial 
structures below the inferior boundary, when the extra step of removing the 
extracranial structures is taken the volume decreases causing the percentage 
difference to increase. These results highlight the importance of visually assessing 
segmentation output.  
The Jaccard Index analysis performed between the OET (Test method 1), OET with 
MCMxxxVI (Test method 2) and reference standard methods showed that agreement 
improved when masks were edited where required. This supports the other results 
reported and adds credence to the explanation that volumetric analysis cannot parse 
apart false positives from false negatives, thus potentially skewing or hiding 
discrepancies between segmentation output where both exist.    
The use of an older population in this study allowed us to specifically look at the 
effectiveness of these techniques on scans that inherently cause difficulties for image 
analysis. Ageing features such as hemispheric asymmetry, brain atrophy and poor 
tissue contrast between white and grey matter are prevalent in older individuals. This 
being the case, it is necessary that image analysis methods be able to accommodate 
ageing features. The added steps of visual assessment and correction by manual 
editing increase the time it takes to complete a segmentation, but they result in a more 
accurate and therefore more valid, relevant result. This study has highlighted the steps 
and considerations necessary to produce a relatively quick yet accurate ICV 






The analysis presented in the next chapter discusses the application of a cross-
sectional area measurement as a proxy for intracranial volume measurement. The 
method addresses some of the issues such as time constraints and image acquisition 
that usually occur in image analysis whilst trying to maintain anatomical sensitivity.  
 
Chapter 7. Comparison of ICA with ICV 
7.1 Introduction 
 
Intracranial Cross-sectional Area (ICA) can be used as a surrogate measure for ICV 
(Ferguson et al 2005; Nandigam et al, 2007). It has the advantage of being fast to 
apply, as only one slice in the midline sagittal plane needs to be measured rather than 
making measurements from every slice in an image. As discussed in the previous 
chapter, it may be unfeasible to manually measure ICV in a large sample but 
automated methods may not be adequate especially in older adult brains. The 
possibility of an accurate method that significantly reduces the time taken to produce 
a measurement is appealing.  
 
ICA utilises previous work that demonstrated the use of linear and cross-sectional 
measurements as proxy measures of numerous brain structures (Whalley and 
Wardlaw, 2001). The authors successfully demonstrated that simple linear and cross-
sectional measurements could be a fast, accurate and reproducible alternative to 
detailed volumetric measurements. To investigate if ICA measurements could be used 
in place of full ICV measurement, 148 existing ICA measurements from the 




The sample and ICV measurements were the same as described in the Chapter 6 with 
the exclusion of two subjects due to an inadequate sagittal localizer being available. 
The ICV measurements were derived using OET plus manual editing that was found 





Intracranial cross-sectional area measurements were made from the sagittal localizer 
used at the time of scanning to correctly position a person’s head in the scanner. The 
2D sagittal T2 localiser imaging parameters were TR = 3520 ms; TE = 102.5 ms, 256 
x 256 matrix size and 1 slice with voxel size of 1 x 1 x 5 mm. Measurements were 
made in the midline sagittal slice, which is located by looking for where the corpus 
callosum is well defined, the cerebellum is rounded and not yet pyramidal, and 
structures such as the pons bridge and medulla oblongata are visible (Figure 7.1).  
 
 
Figure 7.1: T1W midline sagittal slice with structures useful for identification marked. 
 
The ICA is measured using the ROI function in Analyze. The trace tool is used to 
draw around the inner table of the calvarium from the posterior rim of the foramen 
magnum to the inferior most point of the clivus, it is continued superiorly over the 


















The Pearson correlation between ICV and ICA was r= 0.75 (p = 0.01, n = 148).  A 
Bland-Altman plot was generated using Z scores, as the distribution range within each 
set of raw values is too disparate, this showed a good agreement between the two 
measurements (Figure 7.3).  
 
 
Figure 7.3: Modified Bland-Altman plot of Z scores of intracranial volume and intracranial 







ICA was reasonably well correlated with ICV suggesting that it is an acceptable proxy 
measure in the absence of availability of a more thorough measure of ICV. This 
supports previous work that found measurements made from cross-sectional area are a 
good estimate of the volume of an entire structure (Wardlaw and Whalley. 2001; 
Ferguson et al. 2005) when the structure is rounded. The correlation we found was not 
as large as that previously reported by Ferguson et al (2005) but our sample was 
larger and comprised of both males and females, therefore gender differences may 
have be a factor though this would need to be investigated further. The advantages of 
using ICA are that, due to using a single slice in the sagittal midline, the time taken to 
produce a measurement is considerably quicker than obtaining an ICV using every 
slice in an image. This is especially useful where a large sample is being analysed, as 
manual ICV methods may be too time consuming but automated measurement 
includes erroneous tissue as discussed in chapter 6.  It could also mean that the 
standard practice of using the midline sagittal slice to position an individual in the 
scanner could be further utilised by making an ICA measurement from the localizer 
thus reducing scanning time. Whole brain coverage is not always possible for every 
individual and this is dependent on the scanner and software being used, accurate ICV 
measurements require whole brain coverage where ICA measurements do not. 
Therefore the ICA method would be useful in instances where whole brain coverage 
is not possible or when a short scanner time is necessary, possibly due to a person 
being unable to tolerate a long scan.  
 
The limitations of the ICA method are that the plane of view and differences in lateral 
positioning of the head at the time of acquiring the image, will affect the accuracy of 
the measurement. Though protocols are followed to reduce differences between 
individuals, factors such as the size of person’s head or their ability to lie in an 
optimum position for scanning are unavoidable. Corrections can be made using 
registration tools, though this will increase the amount of processing and therefore 
time needed to perform a measurement. These are limitations common to all image 
analysis and not expected to have disproportionately influenced the ICA method. 
Ideally it would have been more thorough to compare the spatial concordance of these 





methods. However the significantly different shapes of the output masks prohibits 
this, therefore correlation of volume measuresments was used.  
 
In conclusion the ICA method is an acceptable proxy method of ICV, best used when 
either scanning acquisition time or time needed for image analysis are at a premium.  
 
 
Establishing an efficient measure of ICV allows us to correct for head size when 
looking at individual differences in brain tissue volumes, as well as providing us with 
a proxy measure of maximal brain size that is unaffected by age-related decline. Both 
of these uses for ICV measurements are important and they are based on the 
assumption that our skull remains the same size throughout adulthood. However in 
the next chapter the influence of the particular ageing feature of inner table skull 
thickening, common but not ubiquitous amongst older adults, on ICV measurement is 
investigated. Though not present in all older adults, and not as prevalent as other 
ageing features such as white matter hyperintensities, inner table skull thickening is 
routinely identified by neuroradiologists and can be significant in some people. It has 
thus far been overlooked in neuroimaging studies of ageing, but here the potential 
influence it has on ICV measurement and estimates of brain atrophy are presented.  
  
Chapter 8. Influence of inner table skull thickening on ICV  
8.1 Introduction 
 
Head size is strongly influenced by brain growth in childhood and reaches maximum 
size by early adulthood (Sahin et al, 2007). It is generally assumed that head size, and 
therefore intracranial volume (ICV), remains the same from early adulthood to old 
age. However, age-related skull changes, such as an increase in the thickness of the 
inner table and overall size of the cranium, have been found (Finby and Kraft, 1972; 
Israel, 1968). Physiological changes of the skull such as hyperostosis frontalis interna 
(HFI), thickening of the inner table of the frontal region of the skull, have also long 
been documented in the medical literature (May et al, 2010). Whereas it is commonly 





ageing research, possibly due to the benign nature of the changes (She and Szakacs, 
2004). Although the process is benign, some research suggests that, where the 
increase is very pronounced, dural irritation and pressure atrophy may occur (Chaljub 
et al, 1999). Case studies of hydrocephalic children (Griscom and Sang, 1970) and 
adults with severe brain atrophy (Wolf and Falsetti, 2001) suggest that thickening of 
the inner skull table may occur in response to the reduction in brain volume caused by 
atrophy or changes in intracranial pressure. A cause of this sporadic thickening is 
thought to be hormonal as it is most prominently found in post-menopausal women 
and some studies have found endocrine abnormalities coincidental with HFI (Harding, 
1949; May et al, 2010). 
 
In neuroimaging studies, ICV is used as an estimate of peak prior adult brain volume 
(Farias et al, 2011; Shen et al, 2009; Staff et al, 2006). Because it is thought that ICV 
is not influenced by disease or age-related changes, it is therefore often used to 
estimate brain atrophy. However, the influence that thickening of the inner skull table 
may have on measures of ICV, and hence on estimates of brain atrophy and its 
correlations, have yet to be investigated. In this paper, we investigated the potential 
influence of inner table skull thickening on measurement of ICV and estimates of 





We randomly selected 60 participants from the Lothian Birth Cohort 1936 who had, 
on visual inspection, a range of inner skull table thickening from significant to little or 
no thickening. Study participants (31 males and 29 females) were non-demented, 
community-dwelling older individuals who underwent cognitive tests and brain MRI 
between 8th November 2007 and 29th June 2010 at 71.1 to 74.3 years of age (mean 
72.7, standard deviation (SD) 0.7 years). 
 






All analyses were performed blind to subject details, including gender, on 
anonymised scans. The scans used were T1W as they allowed for the best contrast 
between bone and tissue; all were aligned to the anterior-posterior commissure (AC-
PC) line to improve reproducibility. 
 
ICV masks were obtained using the method described in Chapter 6. We estimated the 
original ICV, denoted as ‘estimated original’ ICV, excluding the effects of inner table 
skull thickening by editing the current ICV mask slices throughout the skull vault, 
extending its boundaries to include the inner skull table thickening. The inferior 
boundary for the measurement of inner table skull thickening was identified as the 
supraorbital ridge, which is the most prominent point in the midline sagittal view 
(Hatipoglu et al, 2008). This landmark was used as it is an easily identifiable point 
and separates the vault where most of the inner table thickening occurs from the 
frontal sinuses and orbits where there is little thickening and the boundaries that are 
also more difficult to measure. Using multiplanar display software (MRIcro; 
www.cabiatl.com/mricro/mricro/index.html;), the sagittal view was selected and the 
location of the supraorbital ridge was highlighted to indicate which axial slice was the 
most inferior limit of the region. Then, for all slices showing ICV and inner table 
skull thickening superior to the supraorbital ridge, the edge of the current ICV mask 
was extended by manually tracing along the line where the original skull table was 
thought to be, as shown in Figure 8.1. The inferior slices remained the same as those 
in the current ICV mask. The entire mask was re-measured providing an estimate of 







Figure 8.1: Shows the current ICV mask (left) that is manually altered to account for skull 
thickening resulting in a estimated original ICV mask (right) in an axial view.  
 
Finally, the current brain volume was measured in all subjects and brain atrophy 
determined by calculating the total brain tissue volume as a percentage of both current 
and estimated original ICV. 
   
8.2.3 Statistical analysis 
 
The sample was not normally distributed (Shapiro-Wilk normality test) for either the 
current (W=0.902, p=0.001) or estimated original ICV (W=0.919, p=0.001). The 
Wilcoxon Signed Ranks test was used to identify differences between current and 
estimated original ICV across the whole group. The Mann-Whitney U test was 
applied for differences between men and women. To test the potential effect that 
thickening of the inner skull table would have on estimates of brain atrophy between 
youth and old age, the Wilcoxon Signed Ranks test was used to identify the 
differences between percent brain tissue in current and estimated original ICV in the 
whole group. The Mann-Whitney U was used to test for gender differences between 








The median current ICV for the whole group was 1409.1 ml and the median estimated 
original ICV was 1480.1 ml. The median difference between the ICV measurements 
was 108.54 ml representing a percentage median difference of 7.3%, which was 
significant across the whole group (z=-6.33; p<0.001). Quartile ranges are presented 
in Table 8.1. 
 









60 1409.10 1229.44 1648.04 
  Male 31 1643.46 1480.38 1698.79 
  Female 29 1228.54 1199.03 1265.87 
      
Estimated 
original ICV  
Whole 
group 
60 1480.16 1355.49 1747.41 
(ml) Male 31 1741.12 1602.81 1820.38 
  Female 29 1354.75 1290.5 1381.23 
      
Absolute 
difference in  
Whole 
group 
60 108.54 86.74 131.18 
ICV (ml) Male 31 101.98 79.42 131.92 
  Female 29 114.61 88.31 129.33 
      
% Brain tissue  
in current ICV 
Whole 
group 
60 78.84% 75.04% 81.40% 
  Male 31 76.67% 74.29% 79.50% 
  Female 29 80.93% 78.05% 82.48% 
      





60 73.10% 70.63% 76.04% 
 Male 31 71.71% 70.26% 75.02% 
  Female 29 74.08% 71.41% 76.32% 






60 5.29% 4.41% 6.70% 





in current and  
estimated 
original ICV 
Female 29 6.55% 5.07% 7.63% 
 
Table 8.1. Median and interquartile ranges of ICV and brain atrophy measures for the 
whole group, men and women. 
 




Difference between current and  
estimated original ICV 




Z = -6.334; p<0.001 
Males 
 Z = -4.457; p<0.001 
Females 
 Z = -4.541; p<0.001 
Difference in current and estimated  
original ICV between males and  
females (Mann-Whitney U test) 
- Z = -0.718; p>0.05 
   
Difference in current and estimated  
original ICV between males and  
females after correcting for head size  
using current ICV 
(Mann-Whitney U test) 
- Z = -3.523; p<0.001 
   
Difference in % brain tissue in current  
and estimated original ICV 
(Wilcoxon signed rank test) 
Whole group Z = -6.334; p<0.001 
   
Difference in % brain tissue in current  
ICV between males and females 
(Mann-Whitney U test) 
- Z = -3.188; p<0.001 
   
Difference in % brain tissue in  
estimated original ICV between males  
and females (Mann-Whitney U test) 
 
- Z = -1.280; p>0.05 
Table 8.2: Test score (Z) and p-value for the difference (Mann-Whitney U and Wilcoxon 
Signed Rank) between measurements within groups and within measurements between 
groups.  
 
The median current and estimated original ICV in men (current ICV=1643.5 ml and 
estimated original ICV =1741.1 ml) were larger than in women (current ICV=1228.5 
ml and estimated original ICV=1354.8 ml). The absolute difference between current 
and estimated original ICV was greater for women 114.6 ml (z =-4.541; p<0.001) 





decrease in ICV due to inner table skull thickening (8.3%) than did men (6.2%). 
However, when considering the difference between current and estimated ICV for 
men and women without adjusting for head size, the result was not significant (z =-
0.718; p>0.05). Only when individual differences in head size were accounted for by 
correcting for current ICV prior to comparison, did the difference between current and 
estimated original ICV between men and women became significant (z =-3.523; 
p<0.001). 
 
We assessed the percentage of total brain tissue in current (78.8%) and estimated 
original ICV (73.1%) as a measure of brain atrophy. The difference between the 
percentage of total brain tissue in current and estimated original ICV for the whole 
group (5.3%) was significant (z =-6.334; p<0.001). The percentage of total brain 
tissue in current ICV in men (76.7%) and women (80.9%) was significantly different 
(z = -3.188; p<0.001) making it appear that women had less brain atrophy than men. 
However, the percentage of total brain tissue in estimated original ICV between men 
(71.7%) and women (74.1%) was not significantly different (z =-1.280; p>0.05) 
indicating that there were no sex differences in the degree of brain atrophy once the 
effects of inner table skull thickening had been removed.    
 
The reliability of all measurements was calculated using intra-class and inter-class 
correlation coefficients. The intra-class correlations for the current ICV and estimated 
original ICV measurements were 0.98 and 0.98 respectively; and the inter-class 
correlations for the current ICV and estimated original ICV measurements were 0.96 




Thickening of the inner skull table occurs with ageing and can significantly affect the 
measurement of ICV. The reduction in ICV is more pronounced in women, who on 
average have more inner table skull thickening than men, but the difference in head 
size between men and women artificially distorts the magnitude of this difference. 
The finding of significantly more inner table skull thickening in females (8.3%) than 





with age (Harding et al, 1949). The significant difference in current ICV 
measurements between men and women reflects the fact that men have larger heads 
than women, but the disappearance of the significant difference when the effect of 
skull thickness is removed highlights that the extent of skull thickening is greater in 
women than in men.  
 
The influence that inner table skull thickening can have on estimating brain atrophy is 
significant and could be a potential problem for estimates of brain tissue loss in 
ageing. Our findings show that gender differences in atrophy are affected by inner 
table skull thickening and may be obscuring true differences in brain atrophy with age 
(Coffey et al, 1998; Xu et al, 2000), or in estimates of original brain size in youth to 
compare with cognition in old age. This is an important consideration when 
attempting to approximate whether men or women suffer more age-related brain 
tissue atrophy. The importance of using ICV as a covariate has been aptly displayed 
in the study by Scahill et al (2003) which looked at brain volume changes in normal 
ageing, and found that significant gender effects were lost when ICV was used to 
correct for differences in head size. The mechanism behind inner table skull 
thickening may be related to brain tissue loss in old age and although its cause is 
unclear, it remains an unexplored source of variance in gender comparisons and 
ageing research.   
 
The strengths of this study are that we used exemplar subjects chosen to represent a 
range of degrees of inner skull table thickening from a well characterised older cohort. 
We performed all analyses blind to all other subject information and used well-
validated image processing tools and checked the outputs visually and corrected any 
erroneous tissue inclusion/exclusion manually. We made careful attempts at 
standardising the measurement and increasing the reproducibility by choosing an 
easily identifiable inferior boundary, aligning all images to the AC-PC line. 
 
The limitations include the relatively small sample, the subjective decision necessary 
to delineate the original inner skull table, which was difficult to identify consistently 
in people with any moderate inner table skull thickening (Figure 8.2), and uncertainty 
about the generalisability to other populations in which the degree of inner table skull 





problem, it is now necessary to direct future research towards finding ways of 
estimating original ICV reliably.  
 
 
Figure 8.2: Identification of the boundary at which to estimate skull thickening (Orange line in 
A and Ai) in a person with moderate (B) and little (Bi) inner table skull thickening. 
 
Although the pathological implications of inner skull table thickening may not be of 
great medical research interest due to its presumed benign nature, the influence this 
thickening has on estimates of brain atrophy in studies of ageing and potentially in 
clinical practice should be considered. Inner table skull thickening, while not present 
in all older people, can have considerable influence on estimates of brain atrophy, 





of research into brain ageing and further informs research concerning gender 
differences. Though individual differences in inner skull table thickness are difficult 
to extrapolate from this relatively small sample, the demonstration that large degrees 
of thickening are present in older people is important. Presentation of results showing 
that these differences could obscure gender differences in brain atrophy further 
strengthens the implications of our findings. 
 
In an attempt to find a faster method by which the influence of inner table skull 
thickening on ICV measurement can be assessed the work presented in Chapter 9 was 
conducted. The basic mathematical principal of calculating the volume of a sphere 
using the circumference has been utilised by researchers in trying to obtain a quick 
brain volume measurement. The successful application of this to measuring the 
contents of the skull was extended to see if this principal could also be useful when 
measuring the influence of inner skull thickening.  
 
Chapter 9. Measuring inner table skull thickening using ICA 
9.1 Introduction 
 
Intracranial cross sectional area, discussed in Chapter 7, has been shown to be a good 
proxy measure for obtaining a quick ICV measurement. Therefore it seemed 
reasonable to investigate if a measurement of ICA could be adjusted to account for 
estimated skull thickening, as it could be especially useful in large scale studies where 
time constraints due to sample size, can make applying more detailed but labour 
intensive methods unfeasible. The difficulty with applying an ICA method to 
estimating skull thickening is that thickening tends to be less prominent in the midline 
sagittal region, and it is hard to say whether it is uniform across the skull therefore a 
single measurement may not reflect the full extent of the thickening. The aim of this 
research was to investigate a method of accounting for skull thickening within an ICV 
measurement but by adapting the ICA method to better account for thickening across 








The subjects were the same as those used in Chapter 8 to assess skull thickening, as 
such they were all T1W images realigned to the AC-PC line, but with the additional 
step of resizing the images to make them Isotropic. This was to ensure a clear view of 
the coronal acquired T1W image in the sagittal plane. This can reduce clarity of 
structures due to the interpolation, or estimation between slices, necessary to make the 
image isotropic.  
 
To obtain intracranial area measurements that cover the whole brain, the midline 
sagittal slice was chosen as a starting point and manually traced according to 
Ferguson et al (2005). Ten slices from the midline were counted moving laterally and 
the cranial vault traced on the resulting slice. This was then repeated until 5 
measurements from the midline were completed; the same process was performed in 




Figure 9.1: Coronal T1W slice showing the points (red vertical lines) at which sagittal ICA 






The same protocol is followed as for the ICA measurement, however as the inner 
table is reached above the orbital socket (or glabella) the line is taken into the diploe 
where the estimated skull increase is visible and continued to the bregma point 
(Figure 9.2).  
 
 
Figure 9.2: ICA measurement on a sagittal T1W image, taking account of inner table skull 
thickening.   
 
This is completed on 10 evenly spaced slices across the brain, in order to cover both 
hemispheres and attempt to capture variation in inner table skull thickening across the 
whole skull.  
 
9.2.1 Statistical analysis 
 
Normality distribution analysis was performed using Shapiro-Wilks. Agreement 
between the ICV method and ICA method was assessed using Spearman Rho 
correlation. Percentage mean difference was used to look for differences between ICA 




Shapiro-Wilks analysis revealed that neither the ICA (0.37, p = 0.00) or ICA with 





The results obtained from the ICA method were assessed to see if they correlated well 
with the ICV method of assessing the effects of skull thickening, and Spearman rho 
correlations showed that the two methods were significantly correlated (rs = 0.95, p = 
0.00). This was also the case for the ICA and ICV with skull thickening, with a 
significant correlation of rs = 0.95 (p = 0.00). These results show that the ICA method 
is a good alternative to ICV when assessing skull thickening, and could be utilised to 
investigate potential effects in a large dataset.  
 
Comparison of the values for ICA and ICA without skull thickening, show a mean 
(std) difference of 3779 (1119) mm3, indicating a change of 2.75% (0.93%). Small 
gender differences exist between these measurements with a mean difference of 3590 
(1367) mm3 between ICA and ICA with skull thickening in men, and 3918 (901) mm3 
between ICA and ICA with skull thickening in women. This equates to a percentage 
difference of 0.95% between men and women, which is around the percentage mean 
variance in the group as a whole. Despite this a Wilcoxon signed rank test revealed a 
significant difference between the ICA and ICA with skull thickening measurements 
in the whole group (Z = -5.511, p = 0.00), in men (Z = -3.621, p = 0.00) and in 




An adapted intracranial area measurement was found to be comparable to a more 
extensive intracranial volume measurement when trying to assess the potential 
influence of skull thickening. The results found using this method are not in the same 
magnitude as those found in the more extensive skull thickening analysis presented in 
Chapter 8. However significant differences were still found to be present between 
measures that estimate ICA and measurements that estimate ICA after accounting for 
the effects of skull thickening.  
 
The difference in results may be due to the difficulty in defining where the original 
skull table is when trying to adjust for the skull thickening. Although the diploe is 
relatively clearly defined on a sagittal T1W, the measurement is very dependent on 





thickening. The application of the glabella and bregma limits were designed to reduce 
discrepancies in judgement, as inferior to these points determining the skull can be 
problematic. Alongside the slightly reduced resolution and shadow cast by the 
interhemispheric fissure, a small reduction in volume estimation when making the 
ICA measurement may have occurred. 
 
The main advantage of this method is the speed at which measurements of the whole 
brain can be made. Using this method, only 11 slices were used to make the ICA 
measurement, unlike with the more extensive method where 30+ slices are involved 
in acquiring a volume measurement. This method also has the potential to be used 
where whole brain coverage during acquisition is not possible, maybe due to a larger 
than average skull or where clinical research scans, which due to a shorter acquisition 
time may not cover the whole skull, need to be obtained. Whole brain coverage is also 
affected by which scanner is being used, it may not be possible to increase the field of 
view to increase the number of slices being acquired resulting in incomplete coverage 
of the skull.  Other than speed the advantages of this method over the more extensive 
measurement method previously described are that identification of the inferior 
boundary at the foramen magnum is easier in the sagittal plane than in the axial view, 
resulting in a more consistent measurement of this boundary.  
 
In conclusion this method could be effectively applied to a large number of 
individuals where inner table skull thickening is considered to be a significant 
variable in ICV measurement. ICA methods can be used where optimum scan 
acquisition for volumetric measurements is not possible or where slices are thick, as 
can be the case in studies involving patients due to the necessity for a short scan time.  
 
 
Section 4: Regional measures 
 







Rising interest in the hippocampus has led to more and more researchers using 
magnetic resonance imaging (MRI) to study its size and potential associations with 
memory (Wheeler et al, 2011; Erickson et al, 2011), post-traumatic stress disorder 
(Karl et al, 2006) and major depressive disorder (Lorenzetti et al, 2009). The 
connection with development of Alzheimer’s disease has sparked the question as to 
whether early signs of hippocampal deterioration are linked with cognitive decline in 
older adults (Frisoni et al, 2010). Traditionally the hippocampus has been measured 
using manual segmentation methods from T1-weighted MRI, but this can be time 
consuming and requires highly trained raters (Watson et al, 1992). The increasing 
prevalence of automated software has made it possible for large numbers of 
participants to be measured in a relatively short amount of time. This allows for 
epidemiological studies of the hippocampus in normal older adults, especially when 
looking at associations with genetic data where very large participant numbers are 
necessary (Stein et al, 2012).  
 
Automated methods rely on computational algorithms to produce segmentations thus 
reducing rater error by minimising user input (Khan et al, 2008). They utilise shape, 
contrast and/or intensity information to perform segmentations, relying on standard 
atlases and registration methods to guide the algorithm. They are widely used in a 
variety of different fields (Kim et al, 2012; Bergouignan et al, 2009; Joseph et al, 
2012), commonly to demonstrate differences in hippocampal volume between control 
groups and patient groups (Baron et al, 2011; Jafari-Khouzani et al, 2011;) where 
distinct differences are expected. These factors would seem to suggest that a viable 
alternative to manual hippocampal segmentation has been found, however some 
concerning outcomes have been reported such as findings being significant depending 
on the segmentations in the analysis were from a manual or automated method 
(Sánchez-Benavides et al, 2010). Pardoe et al (2009) look at the performance of 
automated methods, compared to manual segmentation, at detecting hippocampal 
sclerosis in mesial temporal lobe epilepsy sufferers. They concluded that the 
automated methods (FSL-FIRST, FreeSurfer) were less sensitive than the manual 
method, furthermore the authors go on to suggest that were the hippocampal volume 
measurements alone relied upon to classify patients more cases would be missed 






The results of the systematic review in Chapter 3 informed the choice of methods 
investigated here. We applied two widely used, and freely available, methods to 
hippocampal segmentation of a large sample of normal older adults. Though there are 
many methods that can be used to segment the hippocampus the two methods were 
chosen specifically because of the ease at which they were available and the amount 
of comprehensive supporting materials that accompany them. FSL and Freesurfer are 
both available to download for free, have been cited as being used in many studies 
(Pardoe et al, 2009; Morey et al, 2009; Lim et al, 2012) and have excellent user 
guides, providing easy to follow workflows. We looked at validating the output from 
both these automated methods against manually delineated segmentations in a 




The sample is the same as that described in Chapter 6 (6.2.1) and the image 
acquisition parameters as those detailed in Chapter 2 (2.4). 
 
10.2.1 Reference method 
 
Manual segmentations were made from T1W images in the coronal view, using 
Analyze 9.0. The LBC1936 scan acquisition is along the hippocampal long axis 
designed to improve visualisation of the hippocampus for segmentation purposes. 
Each image is individually thresholded to create greater separation between grey 
matter and CSF, and to make inclusion/exclusion of partial volume less user 
dependent. This process is described in detail in Appendix 3. The thresholded image 
is then loaded in the coronal plane and the borders delineated by drawing around the 
structure to include all tissue that is considered to be hippocampus. As the amygdala 
recedes the hippocampus begins to appear and the two are separated by the uncal 







Figure 10.1. Shows the position of the uncal recess, amygdala and hippocampus.  
 
The uncas is included in the hippocampal measurement where present and the body of 
the hippocampus is followed posteriorly through the slices until the tail is reached. 
The tail of the hippocampus can be seen as the pulvinar nucleus of the thalamus 
recedes and the fornix becomes apparent, this informs the choice of the last slice as it 
is considered to be the slice in which the entire length of the fornix extending 
superiorly and medially is visible, but has not become continuous with the corpus 
callosum (Figure 10.2). A full protocol is given in Appendix 3. 
 
 














Figure 10.2. Shows the last slice in which the hippocampus is measured in the manual 
protocol used. 
 
10.2.2 Automated methods 
 
FSL_FIRST (http://www.fmrib.ox.ac.uk/fsl/first/index.html) is a model-based 
segmentation tool for subcortical structures of the brain such as the hippocampus. The 
shape model uses previously delineated manual segmentations to produce deformable 
meshes based on multivariate Gaussian assumptions, and then using these models 
tries to find the most probable shape from the T1W image. This mesh is then linearly 
transformed to standard space, as described in Patenaude et al (2011), then left and 
right hippocampal volumes were calculated.  
 
10.2.3 FSL_FIRST protocol used in the LBC1936 
 
In a preliminary analysis prompted by the opportunity to contribute to a large 
collaborative neuroimaging and genetics study, 30 randomly selected MR scans from 
the LBC1936 were segmented using FSL_FIRST. This was designed to determine the 
efficacy of using FSL_FIRST as an automated method of segmentation in the 
LBC1936 cohort.  
 
Four versions of the FSL_FIRST protocol were compared; a Standard protocol, the 
Standard protocol with a template developed from older individuals, the Enhancing 
Neuro Imaging Genetics through Meta-Analysis (ENIGMA) protocol for FSL_FIRST 
and the ENIGMA protocol with prior application of BET following the ENIGMA 









Figure 10.3: Stages performed for automatic segmentation of the Hippocampus using four 






The Enhancing NeuroImaging Genetics through Meta-Analysis (ENIGMA) suggested 
protocol for image analysis of the Hippocampus was run on the same data set to 
assess how it compares to the Standard protocol. 8 of the 30 cases failed at the 
preliminary registration stage (10.4); therefore brain extraction (BET) according to 
the ENIGMA ICV protocol was applied prior to FSL_FIRST.  
 
 
Figure 10.4: An example of a failed registration from the ENIGMA protocol without BET. 
 
This improved the registration success with only 2 failures and the Bland Altman 
suggests this step also improved the hippocampal segmentation (Table 10.1). The 
volume measurements from these four protocols were compared with manually 
derived volume measurements of the same data set. Bland Altman analysis shows that 
the mean difference between the protocols and manual segmentation is between 16% 









 Left Hippocampus Right Hippocampus 
 
Protocol 
Standard SOT ENIGMA EBET Standard SOT ENIGMA EBET 

























































         
Legend: SOT – Standard Older Template; EBET – ENIGMA with BET; LCL – Lower 
Confidence Limit; UCL – Upper Confidence Limit 
 
Table 10.1: Percentage mean difference with lower and upper confidence limits for each 
protocol compared to manual measurements.  
 
Overall the Standard with Older template protocol showed the closest agreement for 
both hemispheres. The intervals for both ENIGMA protocols is wide, suggesting 
considerable discrepancies between the volume measures they provide and those 
derived from manual segmentation. As mentioned applying BET prior to the 
ENIGMA protocol improved the registration success as well as improving the degree 
of agreement. The mean difference is larger for the ENIGMA with BET protocol than 
ENIGMA alone however the confidence limits are narrower, showing less variation in 
the results. Despite this improvement to the ENIGMA protocol both the Standard 
protocols showed better agreement with manual segmentations. (Bland Altman plots 
for all protocols can be seen in Appendix 4).    
 
The large degree of variation shown by the sizeable confidence limits reflects the 
small sample of 30, the following analysis shows the results from a much increased 
sample size. 
 
Freesurfer (http://surfer.nmr.mgh.harvard.edu) uses a manually labelled data set and 





structures being targeted for segmentation. A probabilistic atlas is used to aid the 
algorithm in correctly identifying a target structure in relation to the whole brain and 
other subcortical brain regions. T1W scans were used to compute the left and right 
hippocampal volumes. 
 
The output from both automated methods was visually inspected as an initial quality 
control step and to look for any cases that could be re-run if they had failed at the 
registration step. Both automated methods failed to successfully segment the 
hippocampus in all 150 images, therefore the sample size for comparison with the 





To assess the performance of the two automated methods they were compared against 
a manually delineated reference standard of the same sample. The mean and standard 
deviation of the volume measurements (mm3) from the three methods for left and 
right hippocampi can be seen in Table 10.2.  
 
Measurement method Mean (std) volume mm3 
Manual right 3284.96 (442.47) 
Manual left 3134.99 (390.85) 
FSL right 3800.07 (705.45) 
FSL left 3648.60 (580.29) 
Freesurfer right 3360.42 (398.60) 
Freesurfer left 3337.99 (440.63) 
 




On average FSL over estimated the hippocampus by 513.61mm3 in the left and by 
515.11mm3 in the right, and Freesurfer overestimated by 203mm3 in the left and 
75.46mm3 in the right. The manual measurements show that the right hippocampus is 





measurements by 115.47mm3 but not to the same extent for the Freesurfer 
measurements 22.43mm3.  
 
Bland-Altman analysis was performed to determine the difference between the 
automated and manual methods, and to give an indication of the measurement 
variance between methods. The Bland-Altman analysis shows that when comparing 
the volumes (mm3) the largest mean difference was between the manual method and 
FSL in the right hippocampus (-511.64). The smallest mean difference was between 
the manual method and Freesurfer in the right hippocampus (-71.64) but the largest 
upper and lower 95% confidence intervals (CI) were also from this comparison. The 
FSL method and Freesurfer method for the left hippocampus performed comparably 






























































































































Table 10.3: Bland-Altman (BA) mean and standard deviations with upper and lower 95% 
confidence intervals (CI), Pearson correlation coefficient with significance and Mean 
(standard deviation) Jaccard Index values between the automated and manual methods, and 




The variance between measurements can be seen clearly on the scatter plots (Figure 
10.5), which also indicates that the automated methods performed better when 
segmenting the right rather than the left hippocampus. Overall the Bland-Altman 
analysis suggests that the Freesurfer method more closely agrees with the manual 







Figure 10.5: Bland-Altman plots showing the values between the automated and manual 
methods, and between the two automated methods for the left and right hippocampi. 
 
 
To assess the spatial concordance of the two automated methods with the manual 
segmentations Jaccard analysis was performed; this provides an index score that 
indicates the similarity between two segmentations. The segmentation outputs are 





two segmentations divided by the size of the union of the segmentations. Jaccard 
analysis was applied to the two automated methods to see how well they spatially 
agreed with the manual method and with one another.  
 
The Jaccard Index scores show that the FSL method agrees best with the manual 
method for both left (0.65) and right hippocampi (0.67), compared to the left (0.54) 
and right (0.56) output from Freesurfer (Table 10.4).  The Jaccard analysis suggests 
that FSL is more spatially concordant with the manual method than Freesurfer for 
both the left and right hippocampi.  
 
Methods being compared Jaccard Index; mean (std) 
 Right Left 
Manual*FSL 0.67 (0.09) 0.65 (0.09) 
Manual*Freesurfer 0.56 (0.17) 0.54 (0.18) 
FSL*Freesurfer 0.58 (0.15) 0.55 (0.17) 
 
Table 10.4: Jaccard Index analysis showing agreement between the reference and 
automated methods and between the two automated methods.   
 
To determine if brain tissue atrophy influenced the accuracy of the automated 
methods, the manual, FSL and Freesurfer volumes and Jaccard Index scores were 
correlated with total brain tissue volume (BTV) as a percentage of intracranial volume 
(%ICV). The inclusion of the Jaccard Index scores is to assess whether overall brain 
tissue atrophy is associated with the physical overlap of the masks. Pearson 
correlations revealed that none of the segmentation output volumes were associated 
with BTV%ICV (Table 10.5). 
 
Method Pearson correlation 
Manual right r = -0.041, p = 0.625 
Manual Left r = 0.115, p = 0.165 
FSL Right r = -0.070, p = 0.418 
FSL Left r = -0.128, p = 0.136 
Freesurfer Right r = 0.147, p = 0.083 






Table 10.5: Pearson correlation between BTV%ICV and the right and left manual, FSL and 
Freesurfer hippocampal segmentations.  
 
Spearman rho correlations, chosen because the indices is between 0 and 1, showed 
that the Freesurfer Jaccard Index scores, with both the manual and FSL output, were 
significantly correlated with BTV%ICV (Table 10.6). 
 
Method Spearman’s Rho correlation 
FSL_Manual_Right rs = 0.044, p = 0.635 
FSL_Manual_Left rs = 0.022, p = 0.810 
Free_Manual_Right rs = 0.292, p = 0.001* 
Free_Manual_Left rs = 0.281, p = 0.002* 
Free_FSL_Right rs = 0.369 , p = 0.000* 
Free_FSL_Left rs = 0.339, p = 0.000* 
 
Table 10.6: Spearman rho correlation between BTV%ICV and the right and left Jaccard Index 




Comparison of two commonly used and freely available automated segmentation 
methods with a manual reference standard method, in a group of relatively healthy 
older adults, has revealed that automated methods perform moderately well in this 
population. Pearson Correlation and Bland-Altman support the use of Freesurfer over 
FSL, suggesting it has performed marginally better at segmenting the hippocampus in 
older adults. However the Jaccard analysis, giving spatial similarities between the 
segmentation output, suggests that FSL has performed better at segmenting the 
hippocampus in our sample. Our analysis comparing both the volumetric data, as well 
as assessing the spatial concordance against a reference standard in a good size 
sample, provides a clear indication that when validating methods statistics that assess 
overlap or concordance between methods is vital. Analysing only the volumetric 
agreement does not provide a clear enough picture as to where the discrepancy 
between methods lie, as it does not adequately reflect concordance in the event that a 





errors cancel each other out so that when the final numbers are calculated the average 
measurements seem to be closer to the reference standard than is actually the case.  
 
Our findings disagree with previous publications that looked at these two automated 
methods for hippocampal segmentation (Morey et al, 2009; Doring et al, 2010) and 
found that Freesurfer performed better however the samples used in these studies had 
lower mean ages (37.2 and 35.4 years; 32.9 and 43.8 years respectively) than our 
sample (71.9 years) therefore it could be that FSL can more easily negotiate the 
difficulties associated with ageing than Freesurfer. 
 
Both methods over segmented the hippocampus, though Freesurfer less so than FSL, 
this could have significant consequences if subtle differences or changes in 
hippocampal volume are expected. The true degree of atrophy would be 
underestimated, which for example when using volumetric data to detect group 
classification could lead to clinically significant hippocampal atrophy being missed 
(Pardoe et al, 2009). The right-larger-than-left asymmetry evident from the manual 
measurements and previous research (Pedraza, Bowers and Gilmore, 2004) was 
apparent from the FSL segmentations but not with Freesurfer. This could in part be 
due to the fact that the Freesurfer method did not include an age appropriate template 
therefore asymmetry, more pronounced in older groups, may have been lost when 
transforming data to common space. The potentially significant consequences of 
losing this information due to measurement method is concerning, especially where 
volume measurements are being analysed to look for associations with cognitive 
(Woolard and Heckers, 2012) or clinical measures (Wolf et al, 2001). It is not known 
whether asymmetry of function in the hippocampus (Burgess, Maguire & O’Keefe, 
2002) is associated with the asymmetrical pattern of atrophy found here but it could 
help to explain why variation in associations are sometimes reported. 
 
The introduction of an age appropriate template to the FSL_FIRST method was taken 
to try to improve the drawbacks of using the supplied template of MNI 152, as this 
template was averaged from 150 normal young adults. This improved the 
segmentation output, resulting in a higher concordance with the manual 
segmentations. The development of age appropriate atlases or normative image 





resources such as atlases, which improves existing automated methods (Evans et al, 
2012). The results from the review in Chapter 3 suggest that the main causes of 
discrepancy between manual and automated methods came from registration errors 
that in turn could have been due to an unrepresentative atlas being applied to the 
segmentations. However cohort atlases, developed from the study sample, were more 
successful at dealing with age-related variation in brain images. Therefore it would 
seem sensible to use cohort over standard atlases, unless large population specific 
atlases were developed and made available for use in much the same way that the 
Harvard or MNI atlases are.  
 
The limitations of this study are chiefly in the use of only two automated methods to 
compare with manual segmentations however apart from being impractical to run 
several more methods, the two methods chosen represent what is freely available to 
the average researcher. They are also extensively supported by comprehensive 
literature, workflows and online tutorials making them relatively easy to use. From 
the review in Chapter 3 these two methods were the most commonly reportedly, 
therefore they are representative of those used in the wider community. Another 
limitation is that of inserting an age relevant atlas into the FSL_FIRST pipeline 
making comparison with the standard Freesurfer program biased. This is 
acknowledged but served to investigate the potential effect that using such a template 
could have on the segmentation outcome. Due to time and processing constraints it 
was not possible to check the same effect with the Freesurfer program, ideally this 
study would be repeated with an older adult template being substituted for the 
standard atlas supplied in both automated methods.  
 
This analysis has revealed that although automated methods represent an attractive 
alternative to laborious manual segmentations, there use is not without compromise 
and this may be to an unacceptable level when investigating hippocampal volume size 
in healthy older adults. Refinements in registration methods and age specific 
templates can only improve the performance of automated methods when applied to 
older brains. For the time being manual segmentation remains the most sensitive 
method of achieving accurate hippocampal segmentations on the ageing brain but an 
acceptable alternative may be to manually edit all automated segmentations per a 








Chapter 11. Practical application of frontal lobe boundary protocols 
11.1 Introduction 
 
Unlike disorders whose biological cause can be used to predict potentially vulnerable 
locations in the brain, such as Parkinson’s or Multiple sclerosis, normal age-related 
decline is not biologically characterised. The pattern of decline is not uniform across 
all individuals, making it difficult to know which area of the brain to focus on when 
trying to assess age-related structural brain changes. The frontal lobes have garnered a 
lot of interest from researchers trying to determine the brain structure that most 
significantly contributes to decline in old age. Some findings suggest that the frontal 
lobes are the first to show age-related tissue decline, especially in frontal grey matter 
(Fjell et al, 2010). Others state that the evidence to support the frontal lobe being 
differentially affected by ageing is weak and findings often conflict (Greenwood et al, 
2000). Generally the evidence for a specific age-related pattern of brain deterioration 
is inconsistent, with regions such as the hippocampus and factors like cortical 
thinning being highlighted but not in every study (Raz et al, 2010). There are many 
explanations for why researchers seem unable to resolve the conflicting evidence 
regarding the frontal lobe, but a possible reason could be discrepancies between the 
protocols used to measure frontal lobe volume.  
 
The traditional way of assessing frontal lobe volume, or any regional brain volume, is 
to make manual measurements using hand tracing. Manual tracing of a structure 
requires good anatomical knowledge with which to apply a well researched and 
considered protocol. However a recent review (Cox et al, 2014) highlighted the 
considerable variation in segmentation protocols in the published literature, finding 19 
methods using 15 different landmarks to measure the frontal lobes. These findings 
suggest that the structure being termed the frontal lobe may not in fact be 
anatomically the same tissue depending on the protocol applied. The possible 
implication of variations in measurement protocols is significant, as these 





structure and function. Understanding how structural brain changes relate to cognitive 
function is paramount in trying to understand what underpins ageing trajectories. Poor 
cognitive function in old age has been correlated with deterioration in brain structure 
(Raz & Rodrigue, 2006), therefore accurate measurements of both metrics is essential.  
 
Topographical landmarks such as sulcal patterns are the most accurate way of 
anatomically identifying the frontal lobe but they are difficult, variable and time-
consuming to apply. Boundaries based on sulcal landmarks give a better concordance 
with the underlying cellular architecture of a structure (Zilles & Amunts, 2010), 
therefore should be used where possible. However, the limitations just mentioned 
have resulted in researchers finding alternative approaches. The most common 
alternative approach is the use of geometrical cut planes to measure the frontal lobe. 
Geometrical cut planes utilise one or several anatomical landmarks to apply straight 
boundary limits to determine the frontal lobe, for example the use of a coronal plane 
at the first appearance of the splenium. This type of method has the advantage of 
being quick to apply when determining a large, anatomically variable region such as 
the frontal lobe. The natural irregularity of the brain can mean identifying sulcal 
patterns when defining a region, leading to greater rater error due to subjective 
assessments of anatomy. Using geometrical cut planes should help to reduce this 
variability and subjectivity when making measurements (Lacerda et al, 2003). 
However the counter-point to these benefits is that cut plane methods are less able to 
reflect inter-individual variations in brain anatomy, especially where the individual 
has been affected by age-related changes or disease. The resolution of accuracy versus 
reliability is a constant concern in image analysis but even more so when structural 
volume measurements are then associated with other metrics such as cognition. The 
immense variability in boundary definitions used to determine frontal lobe volume 
only adds to this already complex but important area of research.   
 
As a way of understanding the effects that these discrepancies of boundary definition 
may have on volumetric measures, a selection were applied to ten randomly chosen 
images from the larger LBC1936 cohort. As the exact method of segmentation from 
every paper cannot be applied for practical reasons, a selection of boundaries were 
chosen as they represented those that most commonly occurred in the papers 





LBC1936 cohort, in order to compare the volumetric results of the different 
boundaries in the same set of brains. The aim of this study was to assess the potential 





Ten T1W scans were chosen at random from the LBC1936 cohort, to which the five 
boundaries were applied, totalling 100 measurements. The mean (std) age was 72 
(0.26) years old. The participants displayed a range of atrophy, white matter lesions 
and in one case a right sided, fronto-parietal arachnoid cyst. It was decided that the 
scan with the arachnoid cyst would be included to see how this would influence the 
application of boundaries in difficult cases. This case can still be considered 
representative of normal ageing as incidental findings, i.e. asymptomatic intracranial 
abnormalities, are common where MRI is used in research. A systematic review 
suggested that prevalence of brain incidental findings is 2.7% but that this increases 
with age, and that the most common incidental finding reported was an arachnoid cyst 
followed by meningioma (Morris et al, 2009).    
 
11.2.2 Image analysis 
 
Image acquisition parameters are detailed in Chapter 2 (2.4). T1W scans were chosen 
as they give the best contrast between grey and white matter, necessary for detecting 
boundaries between brain structures. As the LBC1936 scans are acquired oriented 
along the hippocampal long axis the scans were realigned to the anterior-posterior 
commissure (AC-PC). This is to provide a more consistent view of the frontal region, 
making identification of landmarks reliable from person to person.  
 
11.2.3 Boundary definitions 
 
The boundaries were chosen as they represented those boundaries reported in the 
systematic review of frontal lobe parcellation methods, which had been previously 





commissure and the optic chiasm, and two sulcul methods; the central sulcus and the 
pre-central sulcus were selected. From the 19 methods used in the 208 reviewed 
papers, forty-five reported using the genu to identify the posterior boundary of the 
frontal lobe, four reported using the anterior commissure, two the optic chiasm, 
seventeen the central sulcus and 31 the pre-central sulcus (Figure 11.1).  
 
 
Figure 11.1: Indicates the posterior landmarks given to apply the five frontal lobe boundary 
protocols on a sagittal T1W image. 
 
All measurements were made using the ROI module in Analyze 11.0, however 
MRIcro was used to aid boundary identification due to the ability to view all three 
orthogonal planes simultaneously using this program. The left and right hemispheres 
of the frontal lobe were measured, allowing for analysis of asymmetry of brain 
structures to be explored. For the three cut plane boundaries the anatomical landmark 
was identified in the sagittal plane and the measurements made on the corresponding 
coronal slice.  
 
For the two sulcul boundaries the appropriate sulcus was identified in the axial view, 
as this allowed for a top down view of the sulci. Measurements were then made in 






11.2.4 Cut–plane boundaries 
 
The genu is the most anterior portion of the corpus collosum and forms a bend that 
goes down and backwards in front of the septum pellucidum. It is part of the largest 
bundle of white matter fibres in the brain (corpus collosum), which has contralateral 
axonal projections, and is distinct from surrounding structures (Figure 11.2). The 
anterior commissure is a bundle of white matter fibres connecting the two 
hemispheres across the midline. It is an easily identifiable structure on a T1W image 
(Figure 11.2). The optic chiasm is the point at which the optic tracts cross; they are 
located below the hypothalamus. (Figure 11.2).   
 
 
Figure 11.2: Sagittal T1W image showing the landmarks used to identify the corresponding 
coronal slice from which to measure the frontal lobe in all anterior slices. 
 
 
For the anterior commissure and genu boundaries the landmarks were identified in the 
midline sagittal plane and the corresponding coronal slice was counted as the most 
posterior boundary for the measurement. The coronal view was used to identify the 
optic chiasm, which once identified, all brain tissue anterior to and including this slice 
were measured as the frontal lobe. For all three cut plane measurements a very similar 





all brain tissue anterior to and including the slice at the boundary was included in the 
frontal lobe measurement. The Temporal lobes were disconnected where the temporal 
stem joins it to the rest of the cortex, by drawing a line from the Sylvian point to the 
uppermost point of the grey matter of the temporal lobe, this continues medially 
following this grey matter. To separate the hemispheres a straight line was drawn 
directly down the midline of the image in every slice, ensuring that the dura was not 
included in the measurement.     
 
Cerebrospinal Fluid (CSF) is treated as a separate object, therefore it was not counted 
in the volume calculation for the frontal lobe. The other advantage of this is that the 
volume of CSF measured within the frontal lobe can be used as an estimated measure 
of atrophy when calculated as a percentage of ICV. However this is only a measure of 
subcortical atrophy, as it does not reflect atrophy occurring on the cortical surface.  
 
11.2.5 Sulcal boundaries 
 
The central sulcus is the anatomically correct posterior boundary of the frontal lobe 
and this is most effectively identified in the axial plane, as this provides the best 
visualisation of brain topography. The central sulcus was identified by looking for the 
characteristic omega shaped gyrus, whose corresponding sulcus ran significantly 







Figure 11.3: Shows the central sulcus (green), the deepest running sulci, and the 
characteristic omega shape (blue). 
 
This landmark was followed inferiorly until it met the sylvian fissure. Where the 
Sylvian fissure did not reach the interhemispheric fissure a straight line connecting 








Figure 11.4: Displays the straight line drawn (blue) to continue the central sulcus to the 
interhemispheric fissure.   
 
The precentral sulcus is often used as an alternative measure of the frontal lobe and 
this is sometimes termed the prefrontal lobe, consisting of the inferior, middle and 
superior gyri. Identification of the precentral sulcus was achieved in an axial and 
sagittal orientation depending on which was clearer, and is the next sulcus anterior to 








Figure 11.5: Shows the central and pre-central sulci on a T1W sagittal image. 
 
The same procedure as for the central sulcus was adopted. In both cases the cingulate 
was excluded from the frontal lobe measurement, this was completed on a sagittal 
plane by following the line of the cingulate sulcus posteriorly until in intersects with 
the descending central or precentral sulcus. Where the sulci did not meet a straight 




Shapiro Wilks and Q-Q plots revealed that all of the data was normally distributed, 
except the total Central Sulcus (S-W= 0.901, (21), p= 0.036) measurement that was 











Figure 11.6: Q-Q plot showing that the combined Central sulcus (CentSul) measurement was 
not normally distributed. 
 
The boundary providing the largest mean/median total frontal lobe volume was the 
central sulcus (229227/233778 mm3) and the boundary giving the smallest volume 
was the genu (81909/72347 mm3). The results show that between the boundary with 
the largest measured volume and that with the smallest a mean/median difference of 
up to 147318/161340mm3 for total, 72122/78785 mm3 for right and 75196/81636 













































































Table 11.1: Mean volume and standard deviation (std) for each frontal lobe boundary 
measurement. 
 
The large degree of variability between boundaries can be clearly seen in Figure 11.7, 
which shows each boundary measurement for each participant. The variation between 
participants reflects individual differences in brain morphology but the variation 
between measurements for each person, shows the variation introduced by choice of 
boundary.    
 
All data except the total central sulcus measurement met the assumptions necessary to 
perform paired sample t-tests, therefore further bootstrap analysis was applied to the 
pairings including the total central sulcus. Paired sample t-tests were used to look for 
differences between each measurement, resulting in analysis of every possibly pair of 
measurements e.g. genu and optic chiasm, genu and central sulcus etc. Furthermore to 
explore hemispheric asymmetries the measurements were compared for total, right 
and left frontal lobe differences. 
 
Results show that for the total frontal lobe volumes only the AnteriorCommissure* 
OpticChiasm (t= -0.640, p= 0.530), AnteriorCommissure*PreCentralSulcus (t= 1.280, 
p= 0.215) and the OpticChiasm*PreCentralSulcus (t= 1.965, p= 0.064) were not 
significantly different. For the right frontal lobe volumes only the 
AnteriorCommissure*OpticChiasm (t= -0.710, p= .486) and OpticChiasm* 
CentralSulcus (t= -1.499, p= 0.150) were not significantly different from one another. 
For the left frontal lobe volumes only the AnteriorCommissure* OpticChiasm (t= -





OpticChiasm*PreCentralSulcus (t= 0.578, p= 0.570) were not significantly different. 
All values are reported in Table 11.2. 
 
Boundary pairing 
Combined right  
left volume 
Right volume Left volume 
    
Genu * AntComm 
t = -22.816 
(0.000) 
t = -22.840 
(0.000) 
t = -22.515 
(0.000) 
    
Genu * OptChia 
t = -13.581 
(0.000) 
t = -13.562 
(0.000) 
t = -13.554 
(0.000) 
    
Genu * CS 
t = 19.702 
(0.000) 
t = -17.962 
(0.000) 
t = -20.451 
(0.000) 
    
Genu * PreCS 
t = -16.524 
(0.000) 
t = -14.260 
(0.000) 
t = -18.315 
(0.000) 
    
AntComm * OptChia 
t = -0.640 
(0.530) 
t = -0.710 
(0.486) 
t = -0.567 
(0.577) 
    
AntComm * CS 
t =  3.180 
(0.005) 
t = -2.025 
(0.056) 
t = -4.214 
(0.000) 
    
AntComm * PreCS 
t = 1.280 
(0.215) 
t = 2.334 
(0.030) 
t = 0.036 
(0.972) 
    
OptChia * CS 
t = 2.905 
(0.009) 
t = -1.499 
(0.150) 
t = -4.461 
(0.000) 
    
OptChia * PreCS 
t = 1.965 
(0.064) 
t = 3.051 
(0.006) 
t = 0.578 
(0.570) 
    
CS * PreCS 
t = 16.983 
(0.000) 
t = 15.856 
(0.000) 
t = 13.708 
(0.000) 
Legend: AntComm – Anterior commissure; OptChia – Optic Chiasm; CS – Central Sulcus; 
PreCS – PreCentral Sulcus. 
Table 11.2: Paired sample T-test for all possible pairings of variables. For those pairings 






To assess the intra-rater reliability of the methods one scan was selected and each 
boundary applied as before but blind to the previous segmentation. ICCs were then 
calculated and revealed that across all measurements the rater reliability was very 
good at 0.99. With just two measurements per boundary it was not possible to assess 
ICCs within each boundary measurement but the difference between the first and 
second volume for each boundary as a percentage of the total group mean value for 
each measurement was calculated (Table 11.3). This reveals that measurements made 
using the cut plane boundaries (Genu, 0.37%; AntComm, 0.07%; OptChia, 3.84%) 
resulted in less percentage mean difference between two volumes in the same brain, 
than the sulcul boundaries (CS, 5.90%; PreCS, 6.19%). This variation in repeat 
measurements was more apparent in the left hemispheric volumes where the cut plane 
methods showed a difference from the mean of between 0.02 – 4.12% and the sulcul 




% mean vol 
(mm3) 
Right 
% mean vol 
(mm3) 
Left 
% mean vol 
(mm3) 
    
Genu 
 
0.37% 0.33% 0.40% 










































The time taken to perform each boundary measurement was recorded to try to 
establish if in fact cut plane boundary measurements are faster to perform than 
following sulcal boundaries. The measurements using the genu as the posterior 
boundary took on average of 23 minutes to complete, the anterior commissure 27, the 
optic chiasm 31, central sulcus 108 and the pre-central sulcus 101 minutes. The time 
taken to perform the sulcal measurements is considerably longer than that taken to 




This study found that volume measurements made using various boundary definitions 
of the frontal lobe were significantly different in a group of older community-
dwelling adults. The smallest resultant volume (derived using the genu) represented 
only 35% of the largest total frontal lobe volume measured, meaning that the 
boundary definition used would eclipse any potential differences found between 
groups or other brain volume measures. The applied boundaries were selected from 
published literature, all of which performed some measure of frontal lobe volume in a 
range of populations (Cox et al, 2014). Our results suggest that comparing findings 
from studies that apply such considerably different protocols to determining the same 
structure, will lead to inaccurate conclusions. It undoubtedly hinders researchers 
efforts to investigate areas of potential vulnerability to age-related decline, as the 
conflicting findings may in fact be down to measurement differences and not 
biological variations in samples.  
 
Although the central sulcus is anatomically the correct posterior frontal lobe 
boundary, the results from this study show it is one of the most variable boundaries to 
apply in practice. Both sulcal boundaries were found to be the least repeatable of 
those used, resulting in more variation between repeat measurements. The inability to 
utilise 3-Dimensional software to apply boundaries, was a hindrance in this study but 
the software used was representative of the general image analysis packages regularly 
in use. Difficulty in consistently identifying the central sulcus in inferior slices, 
especially the anterior limit of the supplementary motor area, has been suggested as a 





et al, 1997). However our results show that the precentral sulcus is as variable to 
apply as the central sulcus measurement, and almost as time consuming. It is no small 
concern that a method takes a long time to perform; it may simply be unfeasible to 
employ such a technique especially with a large number of scans. Therefore a cut 
plane method provides an attractive, and in some instances, the only alternative to 
acquiring volume measurements of the frontal lobe. Nevertheless producing an 
anatomically plausible measurement is crucial to understanding structural brain 
differences between patient groups or associations with cognitive ability, only then 
can real progress in research be made. 
 
The basic, but crucially important, trade-off between time and repeatability in a 
measure is one that requires serious consideration. The appearance of software that 
allows measurements to be made using a 3-D image is a step toward resolving this 
problem, as better visualisation of boundaries should lead to more consistent 
application. Automated methods have also been heralded as a possible way to 
improve both speed and repeatability of segmentations. Most automated methods are 
either based upon standard atlases or use a small number of manual tracings to 
predefine boundaries prior to segmentation. However the problem of boundary 
definition still applies, the atlases or manual segmentations used by the automated 
methods still require a protocol by which to demarcate the frontal lobe.   
 
The necessity for a standardised protocol to be applied in all studies measuring frontal 
lobe volume is evident. The results from this study reveal that comparing findings 
across studies would be incredibly difficult and means that interpretation of findings 
in the published literature should be undertaken with caution. It is hoped that this 
study has highlighted a methodological problem in image analysis that may be 
contributing to the noise found in published literature on the role of the frontal lobe in 
ageing. Future work to develop a unifying protocol by which measurements can be 








Section 5: Associations with cognition 
 
Chapter 12. Brain size and cognition 
12.1 Introduction 
 
As individuals age, some degree of decline is typically observed in the mean test 
scores of cognitive abilities such as reasoning, memory, processing speed and spatial 
ability (Salthouse, 2010; Ghisletta et al, 2012). A review by Plassman et al. (2010) 
found that, although the evidence for the contribution to this decline was in many 
factors, health problems, negative lifestyle choices (especially smoking), and 
possession of the APOE-ε4 allele were consistently associated with an increased risk 
of age-related cognitive decline.  
 
Important factors not considered by Plassman et al. (2010) are decline or changes in 
brain tissue volume. This is surprising as larger brain volume, estimated by magnetic 
resonance (MR) imaging (MRI), has been associated with higher intelligence, with 
reported associations ranging from 0.33 to 0.42 across studies (McDaniel, 2005; 
Rushton and Ankney, 2009; Miller and Penke, 2007). Further, studies have shown, for 
example, direct links between reduction in brain tissue volume and cognitive decline 
(e.g. Sluimer et al, 2008); that decline in brain tissue volume and increased 
cerebrospinal fluid (CSF) longitudinally are associated with lower cognitive 
performance (e.g. Cardenas et al, 2011); and that tissue loss is accelerated in people 
suffering from mild cognitive impairment compared to normal decline with ageing 
(e.g. Driscoll et al, 2009).  
 
However, several factors remain unclear in the associations between brain status and 
cognitive ability in later life. Firstly, research has been equivocal as to whether prior 
maximal brain size, as measured by ICV, or current brain status, as measured by 
current tissue volume, is the stronger predictor of later life cognitive ability. Maximal 
brain volume is established in late childhood and thereafter is reflected broadly in the 
internal size of the cranial cavity (Wolf et al, 2003), which can be measured using 





is directly related to brain growth in youth and, although brain volume begins to 
decline in early adulthood, the cranial cavity is considered to remain relatively stable 
thereafter (Sahin et al, 2007). A number of studies have shown positive associations 
between intracranial volume (ICV) and cognitive ability in later life. MacLullich et al. 
(2002) report positive significant correlations, ranging from 0.26 to 0.39, between 
ICV and of several individual cognitive ability tests. Shenkin et al. (2009a) found, in 
107 general healthy older adults aged between 75 and 81 years, that whole brain 
volume accounted for little (<1%) variance in general cognitive ability, whereas 
intracranial area (a proxy measure of ICV), explained 6.2% of the variance. More 
recently Farias et al. (2012) found that ICV and current brain volumes (i.e. total brain, 
hippocampal and white matter lesions) in older adults were associated with different 
cognitive domains, but that ICV correlated with cognitive variables after the other 
brain volume measures were accounted for. These findings suggest that maximal 
brain size is an important factor in understanding late life cognitive ability against 
which to determine the effects age-related pathological processes such as brain tissue 
loss and normal and pathological cognitive decline.   
 
Secondly, despite research evidence suggesting it to be the strongest predictor of later 
life ability (e.g. Deary et al, 2012), few studies investigating the association between 
contemporaneous brain volumes and cognitive ability, control for prior ability. Of 
those studies that have (e.g. Staff et al, 2004; Murray et al, 2011), no support has been 
found for the prediction of contemporaneous cognitive performance by brain volumes 
when controlling for prior ability. 
 
Thirdly, brain tissue volume decline in the normal ageing brain is not uniform; grey 
matter may begin declining in early adulthood and follow a fairly linear pattern 
thereafter, whereas white matter volume is said to increase until around middle age 
and then starts to decrease (Ge et al, 2002; Ziegler et al, 2010). Further, research has 
suggested that the divergence between volumetric changes in grey and white matter 
tissue volume is reflected in the associations between these tissues and cognitive 






Thus, in order to provide an examination of the associations between brain size and 
cognitive ability in ageing, in the present study we test whether maximal brain size in 
youth (as represented by ICV) and current brain tissue volume significantly contribute 
to cognitive ability in later life. We then test the contributions to both current 
cognitive ability and change in cognitive ability of white and grey matter volumes 
separately. Collectively we aimed to provide a thorough assessment of the relative 
contributions of broad measures of the brain and cognitive performance in a large, age 





Details of the participants, cognitive testing, image acquisition and image analysis 
methods can be found in Chapter 2.   Due to the inclusion of cognitive data in the 
analysis in this chapter, a further, 41 participants were excluded for incomplete 
cognitive data (age 11 IQ = 36; individual cognitive assessments at Wave 2 
assessment = 5), and 11 participants were excluded as they scored ≤24 on the Mini 
Mental State Examination. A score of ≤24 the MMSE is a widely used clinical cut-off 
considered to be indicative of possible pathological cognitive impairment (Folstein, 
Folstein and McHugh, 1975). The final sample consisted of 620 adults (327 males, 
52.7%). 
 
Based on recent studies (O’Bryant et al, 2008; Stephan et al, 2008), and in order to 
test the robustness of the models described below, we also estimated all models using 
a more conservative MMSE cut-off of ≥28. This was done to ensure the results were 
not overly influenced by cases with lower MMSE scores, and thus potentially also 
those with mild cognitive impairment or early stages of dementia. In this secondary 
analysis, a further 83 participants (male=57; female=26) were removed resulting in a 







12.2.2 Statistical Analysis 
 
All models were estimated using multi-group structural equation modelling (MG-
SEM). MG-SEM has the advantage of modelling latent constructs, and the 
associations between them, taking account of measurement error, whilst providing 
formal tests of their equivalence across groups. As a result, MG-SEM provides highly 
robust estimates of associations. All models were estimated in Mplus 6.0 (Muthen and 
Muthen, 2010) using maximum likelihood estimation. 
 
For the current study, we used the multi-group model to estimate parameters for males 
and females separately. Sex is known to be one of the largest sources of variability in 
overall head and brain size, and given our large sample; we chose to model this 
directly rather than simply include sex as a covariate. Input data for all models were 
standardized residuals of (age 11 IQ), after regressing out, and thus controlling for, 
variance associated with age. Despite the narrow age range of the current cohort, age 
still accounted for significant (p<0.05) amounts of variance in brain tissue volume, 
white matter volume, grey matter volume, block design, digit symbol coding, symbol 
search and matrix reasoning; demonstrating the importance of accounting for the 
effects of age.  
 
12.2.3 Model Specification  
 
In model 1, we included ICV and TBV as predictors of general cognitive ability (g) to 
assess the degree of association between measures of maximal brain size, current 
brain status and current cognitive ability. Next, we included age 11 IQ as a predictor 
of g in order to assess whether ICV and TBV remain significant predictors of current 
ability, controlling for past ability. As such, we were asking whether ICV and TBV 
also predict change in cognitive ability over the life course. In model 2, we follow the 
same sequence of analyses but replace TBV with white matter (WM) and grey matter 
(GM) volumes, to explore whether associations with specific tissue types are 
consistent with g in both males and females. In all analyses, TBV, WM and GM were 






12.2.4 Measurement Invariance 
 
Prior to testing the equivalence of the regression parameters across males and 
females, measurement invariance was established for the latent constructs. 
Measurement invariance ensures that the latent constructs are equivalent across 
groups, and is required in order to make meaningful interpretation of model 
parameters across groups (French and Finch, 2006). We established configural 
invariance (equivalence of the pattern of factor loadings), and metric invariance 
(degree of factor loadings), for both g and processing speed.  
 
Once measurement invariance has been established, parameters of interest within the 
models can be fixed to equivalence, and the plausibility of this constraint is tested 
using the difference in chi-square for the appropriate number of degrees of freedom.  
  
12.2.5 Model Evaluation 
 
In SEM, the degree to which a model conforms to the data is assessed using model fit 
indices. We adopted cut-off points based on a review (Schermelleh-Engel, 
Moosbrugger, and Muller, 2003) of ≤0.05 for the standardised root mean square 
residual (SRMR), ≤0.06 for the root mean square error of approximation (RMSEA), 
and ≥ 0.95 for the Tucker-Lewis Index (TLI) and Comparative Fit Index (CFI). In 
establishing whether the assumptions of measurement invariance for the latent 
constructs hold, we follow Chen (2007) and suggest changes in CFI of ≤-0.01 




The descriptive statistics are shown in Table 12.1. All variables were approximately 
normally distributed with no values for skew exceeding ± 0.90, or values for kurtosis 
exceeding ±1.17 in either the males or females, with the exception of the processing 
speed indicators. In particular, simple reaction time showed moderate to high levels of 
























Age (Years) 72.47 72.60 0.70 0.73 0.10 -0.06 -0.84 -0.85 
MMSE 28.75 29.04 1.27 1.10 -0.93 -1.17 0.25 1.18 
         
Cognitive Ability Age 11 years         
Age 11 IQ 99.72 102.98 16.17 13.39 -0.90 -0.67 1.12 0.49 
         
Cognitive Ability Age 73 years         
Digit Span Backward 7.85 8.04 2.27 2.24 0.34 0.30 -0.03 -0.30 
Block Design 35.96 32.93 10.53 8.85 0.28 0.56 -0.28 0.76 
Letter-Number Sequencing 11.07 11.07 3.06 2.74 0.36 0.44 0.32 0.51 
Matrix Reasoning 14.09 13.00 4.82 4.75 -0.19 -0.03 -0.89 -0.90 
Digit Symbol Coding 54.78 58.95 12.17 11.27 0.19 0.22 -0.36 -0.16 
Symbol Search 24.74 25.15 6.23 5.69 -0.31 -0.16 0.55 0.93 
         
Estimated Childhood Brain Volume         
ICV (cm3) 1536.93 1355.39 113.20 101.08 0.25 0.28 -0.15 -0.13 
         
Brain Volume Age 73 years         





White Matter Volume (cm3) 522.22 468.04 84.87 68.89 0.46 0.17 0.20 0.31 
Grey Matter Volume (cm3) 521.59 476.49 71.80 62.36 0.14 0.01 1.17 -0.13 
         
 







Table 12.2 contains the uncorrected bivariate correlations. The significant positive 
correlations between the cognitive ability tests in males (r=0.29 to 0.65) and females 
(r=0.20 to 0.53), and between the three experimental processing speed tasks in both 
males (r=0.25 to 0.54) and females (r=0.22 to 0.35), supports the modelling of latent 
constructs. Total brain tissue volume (male r=0.18 to 0.34; female r=0.10 to 0.25), 
and white (male r=0.13 to 0.26; female r=0.04 to 0.18) and grey matter (male r=0.04 
to 0.26; female r=0.01 to 0.13) volumes show universally positive correlations with 
cognitive ability tests. Age shows several significant associations with both cognitive 
and brain volume variables in males (r= -0.18 to 0.13) and females (r= -0.23 to 0.11), 







 1 2 3 4 5 6 7 8 9 10 11 12 
             
1. Age - -0.14* -0.05 -0.03 -0.02 0.05 -0.17** -0.14* -0.03 -0.13* -0.23† 0.11 
2. Age 11 IQ -0.04 - 0.44† 0.40† 0.34† 0.41† 0.35† 0.35† 0.12* 0.11 0.11 -0.01 
3. Block Design -0.18** 0.42† - 0.53† 0.29† 0.31† 0.38† 0.42† 0.19** 0.25† 0.15** 0.07 
4. Matrix Reasoning -0.12* 0.41† 0.49† - 0.33† 0.30† 0.28† 0.24† 0.09 0.14* 0.14* 0.01 
5. Digit Span 
Backward 
-0.11* 0.33† 0.29† 0.35† - 0.47† 0.20† 0.18** 0.07 0.11 0.04 0.06 
6. Letter-Number 
Sequencing 
-0.11 0.39† 0.33† 0.38† 0.56† - 0.27† 0.21† 0.07 0.10 0.08 0.04 
7. Digit Symbol -0.16* 0.46† 0.47† 0.43† 0.38† 0.51† - 0.58† 0.11 0.22† 0.13** 0.13** 
8.Symbol Search -0.13* 0.41† 0.48† 0.42† 0.37† 0.41† 0.65† - 0.06 0.17** 0.18** 0.04 
9. ICV -0.01 0.28† 0.17** 0.11* 0.14** 0.11 0.21† 0.26† - 0.83† 0.51† 0.42† 
10.Brain Volume -0.13* 0.26† 0.25† 0.18** 0.23† 0.22† 0.33† 0.34† 0.82† - 0.58† 0.52† 
11.WM Volume -0.21† 0.18** 0.18** 0.13* 0.19** 0.24† 0.26† 0.19** 0.51† 0.61† - -0.07 
12. GM Volume 0.13* 0.11* 0.14* 0.04 0.06 0.04 0.18** 0.26† 0.36† 0.48† -0.09 - 
             
Table 12.2: Pearson’s correlations between independent, dependent and covariate variables. 






Table 12.2 also provides the associations between cognitive ability and head/brain size from 
youth and old age. To the extent that ICV may be considered an indicator of maximal brain 
size in youth, the correlation between ICV and age 11 IQ provides an estimate of brain-
cognition associations in youth. In the current sample, these estimates are 0.28 (p<0.001) for 
males and 0.12 (p<0.05) for females. The correlations between latent g and concurrent brain 
volume provide similar contemporaneous associations at age 73. In the current sample the g-
brain volume correlation is 0.27 (p<0.001) for males and 0.26 (p<0.001) for females; highly 
comparable to the ICV-age 11 IQ association. 
 
It is also interesting to note that total brain volume and white matter volume have several 
moderately significant associations with individual cognitive ability subtests in both males 
and females, whereas the associations with grey matter volume are largely small and non-
significant. However, the correlations presented in Table 12.2 are raw correlations, 
uncorrected for ICV and age, and as such differ to some extent from the estimates presented 
in the final models. 
 
Finally, Table 12.2 also provides estimates of the associations between ICV and concurrent 
brain volume, which correlate highly in both males and females (0.82, p<0.001 and 0.83, 
p<0.001, respectively). Grey matter shows weaker associations with both ICV and brain 
tissue volume than did white matter in males (ICV: 0.36 versus 0.51; brain volume: 0.48 
versus 0.61) and females (ICV: 0.42 versus 0.51; brain volume: 0.52 versus 0.58).  
 
Prior to testing the main models, we first established measurement invariance in the 
measurement model for g across males and females. The model showed excellent fit to the 
data (χ2=22.73(12), p<0.05; CFI=0.99; TLI=0.97; RMSEA=0.054; SRMR=0.023), and the 
difference in model fit across the configural and metric invariance models fell within the 
suggested range of model fit (ΔCFI=0.00; ΔRMSEA=-0.004). The measurement model was 
therefore considered to be invariant across sex at the metric level, with all subsequent models 
run with the invariance constraints in place.  
 
Models 1 and 2 displayed excellent fit to the data (See Figure 12.1 for final model fits). When 
all paths in the final models were sequentially constrained to equivalence across males and 





Therefore, in the current sample, there were no substantive differences in the magnitude of 




Figure 12.1: Structural diagram for Models 1 and 2. BD=Block Design; MR=Matrix Reasoning; 
DB=Digit Span Backward; LN=Letter-Number Sequencing; DS=Digit Symbol Coding; SS=Symbol 
Search; MHT=Age 11 MHT IQ score; ICV=Intracranial volume; TBV=Total Brain Volume; WM=White 
Matter Volume; GM= Grey Matter Volume. All variables are residuals controlling for age. All values 
are standardized parameter estimates. Estimates are taken from the final models with parameters 
constrained across groups. Parameter estimates are presented for males (top) and females (bottom) 
separately. Note, no differences between male and female models were significant. All values are 
significant at a minimum of p<0.05. Model fit for Model 1 (χ2=59.59(53), p=0.25; CFI=1.00; TLI=0.99; 






For model 1 (Figure 12.1), we first tested a model including only ICV and TBV, but 
not prior cognitive ability. Both ICV and TBV were significant predictors of current 
cognitive ability in both males (ICV=0.19, p<0.001; TBV=0.30, p<0.001) and 
females (ICV=0.21, p<0.001; TBV=0.30, p<0.001). Combined ICV and TBV 
accounted for approximately 14% of the variance in current cognitive ability. Next, 
we included prior ability (MHT) as a predictor of current ability level (Figure 1, Panel 
A). Prior ability was the strongest predictor of current ability (Males = 0.61, p<0.001; 
Females = 0.64, p<0.001). ICV and TBV remained significant predictors of cognitive 
ability, however the magnitude of the association with ICV dropped to 0.08 (p<0.05). 
In total, MHT, ICV and TBV accounted for approximately 52% of the variance in 
later life cognitive ability. 
 
Similarly, for model 2 (Figure 12.1), we first tested a model excluding prior ability. In 
this model, ICV (Male=0.22, p<0.001; Female=0.23, p<0.001), WM (Male=0.22, 
p<0.001; Female=0.21, p<0.001) and GM (Male=0.18, p<0.001; Female=0.18, 
p<0.001) were all significant predictors of current cognitive ability accounting for a 
combined 11% of the variance in cognitive ability. Including prior ability (Figure 1, 
Panel B) the magnitude of the association with ICV dropped (Male=0.10, p<0.05; 
Female=0.11, p<0.05), but remained significant. The magnitudes of the associations 
with WM and GM were approximately equal. Overall, model 2 accounted for 
approximately 48% of the variance in current cognitive ability. 
 
There were no substantive differences in either model 1 or 2 when models were re-
estimated using the subsample of participants scoring ≥28 on the MMSE (n=537). 
The regression paths of ICV to g in model 1 failed to reach significance in the reduced 
sample, but the parameter estimates were identical at the second decimal place, 
indicating the lack of significance is most likely due to a reduction in power with 




The current findings suggest that cognitive ability at age 73 years is dependent, in 





volume. The study also finds that there were generally similar modestly-sized cross-
sectional associations between brain size and cognitive ability in childhood and old 
age, though a proxy measure (ICV) had to be used for brain size in youth. 
 
Across models, current brain tissue volume was a stronger predictor of later life 
cognitive ability (both with and without controlling for past ability), than ICV, 
replicating several past studies (Sluimer et al, 2008; Cardenas et al, 2011). However, 
it is important to note that a small, but significant, effect of ICV on later life cognitive 
ability remained in both models. The magnitudes of these associations did not differ 
significantly across males and females.  Given the current sample size, we consider 
these associations to be accurate and robust. As such, the current study confirms only 
a very modest association of maximal brain size with cognitive ability in old age.  
 
A large body of research has considered whether grey or white matter deterioration 
has the greater impact on cognitive ageing (e.g. Taki et al, 2011; Ziegler et al, 2010), 
with mixed results. In the current study, the effects of white and grey matter volume 
on g were largely equivalent and held in both males and females, suggesting a 
comparable influence on later life cognitive ability. However, as has been noted 
previously (Ziegler et al, 2010), grey and white matter deterioration may localise in 
different areas of the brain, and may therefore have differentiated effects on cognition. 
Thus, though the associations may be comparable for both grey and white matter 
whole brain volumes, the functional effect may be differentiated due to their roles in 
the underlying neural networks.  
 
As previously noted, the simple correlational analyses in the current study provided a 
number of important estimates for the research literature on both brain size and 
cognition, and ICV and current brain status in ageing people. Specifically, we found 
positive associations between brain volume and cognition both in youth (males=0.28; 
females=0.12), where ICV in old age was used as an indicator of brain size in youth, 
and later life (males=0.27; females=0.26). These findings are in close agreement with 
the previous meta-analysis of McDaniel (2005) and the literature reviews of Rushton 
and Ankney (2009) and Miller and Penke (2007). Our findings contribute 
significantly to the literature because, in this single study, the sample (n=620 full 





these quantitative reviews. Moreover, this sample provides estimates of these effect 
sizes across 60 years in the life course up to age 73 years in the same subjects. 
 
The study has some strengths. It is rare to have cognitive ability scores from youth in 
older people. The sample is large and homogenous in terms of the age range of 
participants. As such, our analyses gain statistical power, and have a natural control 
for the confounding effect of chronological age (Hofer, Flaherty and Hoffman, 2006). 
An additional advantage of our large sample was the ability to estimate models 
reliably in males and females independently, rather than simply including sex as a 
covariate in statistical analyses. Given the large array of well-validated cognitive tests 
administered at age ~73 years, and the large sample size, we were able to estimate all 
models using SEM, thus providing reliable estimates of latent cognitive ability 
constructs which explicitly account for measurement error, and allowing the 
simultaneous estimate of all substantive and covariate parameters.   
 
There are some limitations with the current study. The potential influence of age-
related changes to the skull, such as thickening of the inner skull table (May et al, 
2010), may lead to underestimates of brain changes when ICV is used as a measure of 
pre-morbid brain volume, especially when inner table skull thickening is known to 
affect women more than men. However, as of yet there are no reliable methods for 
estimating ICV that take account of the effect of inner skull thickening. Thus we 
acknowledge the possibility of bias due to such effects, but are not able to provide any 
reasonable adjustments to the current findings. 
 
In future research we aim to study the ageing process in more detail, using repeated 
measures of broad and specific cognitive functions and brain parameters. In the 
current study, our childhood estimate of cognitive ability was an overall IQ score and, 
as such, we focussed specifically on general cognitive ability (g) in later life as the 
principal outcome. However, we recognise that cognitive ability is known to be 
constituted by several different domains and future research with additional 
longitudinal data not currently available will be able to consider the associations 






The current study yields a number of important conclusions for the associations 
between brain status and cognitive ability in older age. Firstly, both prior and current 
brain size are significant predictors of current cognitive ability, over and above the 
influence of prior cognitive ability. Secondly, the effects were highly similar for white 
and grey matter. These conclusions hold in both males and females. In addition, the 
correlational analyses yields one of largest single study-based contemporaneous 
associations between brain volume and cognitive ability, and between ICV and 
current brain tissue volume 
 
 
Chapter 13. Hippocampus and cognition  
13.1 Introduction 
 
The hippocampus is involved in cognitive tasks such as learning, memory, emotional 
behaviour, stress regulation and spatial navigation (Foerster et al, 2012; Muzzio, 
Kentros, & Kandel, 2009; Nossin-Manor et al, 2012). Hippocampal volume reduction 
is associated with the development of Alzheimer’s disease and other disorders of 
memory, with findings showing links between poor cognitive performance and 
smaller hippocampal volume (Leung et al, 2010; Sabuncu et al, 2010). Reduction in 
hippocampal volume has been linked to schizophrenia and multiple sclerosis 
(Adriano, Caltagirone, & Spalletta, 2012; Ceccarelli et al, 2007; Cercignani et al, 
2001). It is also thought to be involved in general age-related cognitive decline, 
though reports are often mixed with some research finding a significant inverse 
association (Wolz et al, 2010) and others no association (Sanchez-Benavides et al, 
2010). Although these inconsistencies might be due to methodological differences, 
such as image segmentation techniques or the population studied (Adriano et al, 
2012), it is important to note that the main focus of these studies was on hippocampal 
size measured using conventional structural MRI techniques (Nossin-Manor et al, 
2012). 
 
Age-related brain tissue loss is most likely to be preceded by cellular changes, such as 
synaptic loss and neuronal degeneration (Hyman et al, 1984), which may not be 





such as relaxometry, magnetization transfer (MT-MRI), diffusion tensor (DT-MRI) 
and perfusion MRI can detect subtle brain tissue changes not identifiable on 
conventional T1- or T2-weighted MRI (Ceccarelli et al, 2007; Cercignani et al, 2001; 
Davies et al, 2004; Filippi et al, 2000; Filippi & Rovaris, 2000; Parry et al, 2003; 
Rovaris & Filippi, 2000; Hugo Vrenken et al, 2006; Vrenken et al, 2006). Some of 
these techniques have recently been used to uncover associations between brain-wide 
white matter integrity and cognitive ability in old age (Penke et al, 2012).   
 
T1 is the longitudinal (or spin-lattice) relaxation time and is related to the tissue water 
content, with increased T1 indicating increased tissue water, e.g. oedema that might, 
for example, reflect axonal damage (Bastin et al, 2002). MTR measures the efficiency 
of the magnetization exchange between relatively free water protons and those water 
protons that are bound to protein macromolecules in cellular membranes. Low MTR 
values indicate reduced transfer efficiency suggesting axonal damage and 
demyelination (Bastin et al, 2002; McDonald, Miller, & Barnes, 1992).  
 
DT-MRI is most often used for measuring white matter integrity but it has also been 
proposed as a measure of grey matter integrity (Bhagat & Beaulieu, 2004; den Heijer 
et al, 2012; Pal et al, 2011). Fractional anisotropy (FA) and mean diffusivity (MD) are 
scalar indices obtained from the diffusion tensor, with the former indicating the 
degree of directionality of the water molecule diffusion when subjected to cellular 
boundaries within a tissue, and the latter indicating the overall magnitude of water 
diffusion. When the microstructure of cells break down, water molecules can diffuse 
further and more uniformly in all directions (Bhagat & Beaulieu, 2004) resulting in 
increased MD and reduced FA compared with healthy, structurally intact tissue.    
 
It has been reported in several small cohort studies that hippocampal structural 
changes are detectable using image relaxometry (Kosior et al, 2011; Sumar et al, 
2011; Wang et al, 2012) and MTR (Diniz et al, 2011; Margariti et al, 2007; Ropele et 
al, 2012; van den Bogaard et al, 2012; Vrenken et al, 2007). Increased relaxation time 
in the hippocampus has been associated with poorer cognitive performance in 
Alzheimer’s disease compared to those with vascular dementia and matched controls 
(Wang et al, 2004); and MTR has been shown to detect brain changes in medial 





volume change (Diniz et al, 2011). Additionally, DT-MRI has been reported to be 
sensitive at detecting hippocampal changes (Carlesimo et al, 2010; Cherubini et al, 
2010; den Heijer et al, 2012; Hong et al, 2010; Muller et al, 2005). In view of these 
previous findings, we anticipate that multivariate analysis of a range of quantitative 
MRI parameters in a large ageing sample could provide useful information about 
hippocampal structural changes and their role in cognitive ageing.  However, to the 
best of our knowledge no studies have yet assessed the association between cognition 
in older people and hippocampal integrity characterised by multiple quantitative MR 
parameters such as longitudinal relaxation time (T1), magnetization transfer ratio 
(MTR) and water diffusion tensor parameters. 
 
The aim of the current study was to investigate associations between major, ageing-
relevant cognitive ability domains and hippocampal integrity measured using multi-
parametric MRI (T1, MTR, FA and MD) in a large sample of community-dwelling 
older adults. We hypothesized that hippocampal integrity measured using these 
advanced MRI techniques would be more sensitive at detecting age-related integrity 
than volumetric measurements alone and hence provide further insights into the role 





Amongst the 627 subjects who had complete data for image segmentation, 56 
participants did not have complete cognitive ability test scores and 5 were excluded 
because of segmentation failure, leaving a final sample of 565 (301 men, Table 13.1), 
aged 71.2 to 74.2 years (mean 72.7, SD 0.7 years). Of these 565 subjects, 483 (245 
men) had MMSE scores above 27, and were aged 71.2 to 74.3 years (mean 72.8, SD 
0.7 years).  
 
13.2.2 Image analysis 
 
Hippocampal structures were segmented from the high-resolution T1-weighted 





were visually inspected and, where necessary, corrected by manual editing resulting 
in a hippocampal mask and volume measurement for each subject. The editing was 
based on a manual segmentation protocol to reduce rater error and inter-rater 
reliability ratings were 0.98 based upon a subsample of 103.  
 
T1 and MTR maps were generated on a voxel-by-voxel basis as previously described 
(Armitage et al, 2007; Wardlaw et al, 2011), and hippocampal regions were extracted 
from T1 and MTR maps in the following steps. The T1-weighted volumes were first 
transformed into the native space of the T1 and MTR parametric maps using FLIRT 
(Jenkinson & Smith, 2001), and the transformation matrices applied to the 
hippocampal masks. These masks were then applied to the T1 and MTR maps. In 
order to remove potential partial volume errors due to interpolation and to ensure 
analysis of pure grey matter tissue within the hippocampal volume, grey matter masks 
were applied to the T1 and MTR maps, and average T1 and MTR values within 
hippocampal structures were computed. 
 
DT-MRI data were pre-processed using FSL (http://www.fmrib.ox.ac.uk/fsl), to 
extract brain (Smith, 2002), remove bulk subject motion and eddy current induced 
distortions by registering all diffusion-weighted volumes to the first undistorted 
baseline (b=0 s/mm2) volume (Jenkinson & Smith, 2001), estimate the water diffusion 
tensor and calculate parametric maps of FA and MD from its eigenvalues using 
DTIFIT (Behrens et al, 2003). To extract FA and MD in the hippocampus the high-
resolution T1-weighted volume scan was brain extracted using Freesurfer 
(http://surfer.nmr.mgh.harvard.edu) and then transformed to DT-MRI space using 
FLIRT (Jenkinson & Smith, 2001). The transformation matrix computed was applied 
to the hippocampal masks and the resulting masks in DT-MRI space were then 
applied to the FA and MD parametric maps. The grey matter mask previously 
segmented was also applied to the FA and MD hippocampal mask producing pure 
grey matter segmentations, and the average FA and MD values were computed. 
Finally, the hippocampal masks in the T1, MTR, FA and MD maps were visually 





Figure 13.1: Typical images showing the quantitative MR images and the T1-weighted images 
with the outlines of the left and right hippocampi. T1MAP= T1 relaxation times, MTR = 
magnetization transfer ratio, MD = mean diffusivity and FA = fractional anisotropy. 
 
13.2.3 Cognitive Ability Measures  
 
Details of the cognitive data used in this analysis are given in Chapter 2 (2.3). Our 
primary analysis used all subjects, but we also performed secondary analyses using a 
more conservative MMSE threshold of above 27 to ensure the investigation of those 
who are free from potential cognitive impairment. 
 
13.2.4 Statistical Analysis 
 
All statistical analyses were performed using SPSS version 18 (SPSS Inc. Chicago III, 
USA), with all statistical tests being two-tailed, and P values < 0.05 being considered 
statistically significant. The left and right hippocampal integrity measures were 
compared using paired t-tests, followed by Bonferroni correction for multiple 
comparison. Associations between cognitive ability measures and hippocampal 
integrity measures were examined using multivariate linear regression models. In 
these models, each cognitive parameter (g, speed, and memory) was the dependent 
variable and each hippocampal integrity measure (T1, MTR, FA, MD and volume) 





are known to be associated with hippocampus integrity or cognition, while models 
that assessed associations between cognition and hippocampal volumes included ICV 
to correct for individual differences in head size. A separate model which predicted 
cognitive abilities from the combined measures of integrity was used to assess how 
much variance in cognition in old age is accounted for by multiple measures of 
hippocampal integrity, age and age 11 IQ. We also assessed association between age 
11 IQ and hippocampual integrity, to do this we developed a model that predicted 
hippocampal integrity from cognitive abilities at age 70 years, age 11 IQ and gender. 
To assess the effects of including subjects with possible cognitive impairment on any 
measured associations, analyses were performed for the entire population and for 
those with MMSE scores above 27. All p values were corrected for multiple testing 
using the False Discovery Rate approach. 
 
13.3 Results  
 
For the full cohort, left hippocampal volume (mean ± SD 3094.61 ± 444.58 mm3) was 
significantly smaller than right (3337.11 ± 439.75 mm3, p<0.001). The mean T1 
relaxation time of left hippocampus (1.66 ± 0.16 ms) was significantly shorter than 
that of the right (1.67 ± 0.16 ms, p<0.001). The left hippocampal FA (0.12 ± 0.01) 
was significantly higher than right (0.11 ± 0.01, p<0.001). The left hippocampal MD 
(942.38 ± 69.44 × 10-6 mm2/s) was significantly smaller than that of the right (966.62 
± 60.68 × 10-6 mm2/s, p<0.001). There was no significant difference between left 
(47.99 ± 2.56 %) and right (48.02 ± 2.49 %, p=0.60) hippocampal MTR. 
 
  The whole sample (Mean ± SD) 
Ages in years 72.70 ± 0.70  
MMSE 28.89 ± 1.35  
Logical Memory Total 1st Recall WMS-III 45.92 ± 10.04  
Logical Memory 2nd Recall WMS-III 28.97 ± 7.94  
Verbal Paired Associates 1st Recall WMS-III 20.92 ± 7.70  
Verbal Paired Associates 2nd Recall  WMS-III 6.40 ± 2.05  
Spatial Span Forward WAIS-IIIUK 7.68 ± 1.65  
Spatial Span Backward WAIS-IIIUK 7.12 ± 1.57  
Simple Reaction Time Mean Score 0.27 ± 0.05  





Inspection Time Total Correct Responses 111.48 ± 11.73  
Digit Symbol WAIS-IIIUK 56.43 ± 12.34  
Digit Span Backward WAIS-IIIUK 7.9 ± 2.30  
Block Design WAIS-IIIUK 34.16 ± 10.05  
Letter-Number Sequencing WAIS-IIIUK 10.98 ± 30.00  
Matrix Reasoning WAIS-IIIUK 13.45 ± 4.87  
Symbol Search WAIS-IIIUK 24.77 ± 6.15  
Brain Tissue volume (mm3) 1119184 ± 130234 






T1 right (milliseconds) 1.67 ± 0.17* 1.66 ± 0.17 
MTR right (%) 47.93 ± 2.67 47.88 ± 2.74 
MD right x 10-6(mm2/s) 969.22 ± 69.14* 943.77 ± 75.67 
FA right  0.11 ± 0.01 0.12 ± 0.02 
Hippocampus volume right (mm3) 3333 ± 458* 3094 ± 460 
*Measure in the left hemisphere significant smaller than that of the right, paired t-test, p < 
0.001. 
Table 13.1: Descriptive statistics of the whole sample, including volumetric measurements 
and quantitative MRI parameters. 
 
Similar results were obtained when analysis used only those subjects with MMSE 
scores above 27 (Table 13.2). 
 
  
Subjects with MMSE score of 27  
and above (Mean ± SD) 
Ages in years 72.70 ± 0.70  
MMSE 29.31 ± 0.74  
Logical Memory Total 1st Recall WMS-III 46.79 ± 9.65  
Logical Memory 2nd Recall WMS-III 29.78 ± 7.50  
Verbal Paired Associates 1st Recall WMS-III 21.68 ± 7.42  
Verbal Paired Associates 2nd Recall  WMS-III 6.60± 1.95  
Spatial Span Forward WAIS-IIIUK 7.72 ± 1.65  
Spatial Span Backward WAIS-IIIUK 7.20 ± 1.59  
Simple Reaction Time Mean Score 0.27 ± 0.05  
Choice reaction Time Mean Score 0.64 ± 0.08  
Inspection Time Total Correct Responses 111.92 ± 11.49 
Digit Symbol WAIS-IIIUK 57.49 ± 12.18 





Block Design WAIS-IIIUK 35.07 ± 10.05 
Letter-Number Sequencing WAIS-IIIUK 11.24 ± 2.93  
Matrix Reasoning WAIS-IIIUK 13.85 ± 4.80  
Symbol Search WAIS-IIIUK 25.28 ± 6.04  
Brain Tissue volume (mm3) 1119689 ± 132011 
ICV (mm3) 1449383 ± 139779 
  Right Hippocampus Left Hippocampus 
T1 right (milliseconds) 1.66 ± 0.17* 1.65 ± 0.16 
MTR right (%) 47.99 ± 2.60 47.95 ± 2.6 
MD right x 10-6(mm2/s) 966.92 ± 69.18* 941 ± 67.72 
FA right  0.11 ± 0.01 0.12 ± 0.02 
Hippocampus volume right (mm3) 3338 ± 455* 3097 ± 463 
*Measure in the left hemisphere significant smaller than that of the right, paired t-test, p < 
0.001. 
Table 13.2: Descriptive statistics of the subjects with MMSE score of 27 and above, including 
volumetric measurements and quantitative MRI parameters. 
 
In the regression models, after correcting for gender, ICV and age 11 IQ, larger 
volume of left hippocampus in the entire sample was significantly associated with 
higher scores of memory (β = 0.11, p=0.003, Table 13.3, Figure 13.2) and larger 
volume of the right hippocampus was significantly associated with higher scores of g 








Note. Values are the standardized β (and p value) for the listed measures of hippocampus 
integrity predicting measures of cognitive ability. Models used the entire sample. Model: 
cognition = β1*integrity + β2*Gender + β3*Age 11 IQ. Where integrity represents measures of 
hippocampus integrity (T1, MTR, FA, MD and hippocampus volume). ICV is included only for 
hippocampus volume to correct for head size. 
 
Table 13.3: Linear regression models for the association between cognitive abilities and 









Figure 13.2: Scatter plots with regression lines showing bivariate associations between 
memory performance and hippocampal volume (a), longitudinal relaxation time (b), 
magnetization transfer ratio (c), mean diffusivity (d) and fractional anisotropy (e). Plots used 
only the measures of cognition and measures of integrity without accounting for any 
covariate. 
 
The model that predicted hippocampal integrity from cognitive ability variables, 
gender and age 11 IQ showed that there was no association between age 11 IQ and 
hippocampal integrity (Appendix 5). Associations between cognitive ability variables 
and hippocampal integrity were similar for those with MMSE scores above 27 
(Appendix 6 and 7).   
 
For other measures of hippocampus integrity, after correcting for gender and age 11 
IQ, shorter T1 and lower MD values in the hippocampus were significantly associated 
with higher scores of g, speed and memory (β: right and left, range = -0.10 to -0.20, 








significantly associated with higher scores of g and speed (β: right and left, range = 
0.10 to 0.15, all p<0.001). Associations were similar when the model was based on 
subjects with MMSE scores above 27 (Appendix 7). Thus T1 and MD, followed by 
MTR and FA were significantly associated (in decreasing order of effect size) with 
cognitive ability after correcting for age 11 IQ, whereas hippocampal volume did not 
show significant association in most cases. All significant associations between 
quantitative MRI measures remained after correction for multiple testing using the 
False Discovery Rate method. 
 
The multivariate model that used the combined T1, MTR, FA and MD showed that, 
after correcting for age and gender, the combined hippocampus integrity measure 
explained between 4.8% and 10.2 % of the variance in cognitive ability variables. Age 
11 IQ explained between 12.6% and 30.1 % of the variations in cognitive ability 
variables when entered in the same analyses (Appendix 7). We observed that the 
measures of hippocampus studied were significantly correlated with each other 
(Appendix 8). In view of this we investigated whether the correlation could introduce 
multicollinearity problem by computing the variance inflation factors (VIF) and 
tolerance. Appendix 9 shows that the models did not suffer from multicollinearity 
problem as none of the tolerance was less than 0.2 and none of the VIF was greater 
than 5 (Neter, Wasserman, & Kutner, 1989; Pan & Jackson, 2008). The individual 
quantitative measures of hippocampus integrity explained between 0.2% and 3.6% of 





In our sample of generally healthy older individuals, we found that: T1 relaxation 
time and MD in the hippocampus were significantly associated with all cognitive 
ability variables investigated; hippocampal MTR and FA were associated with general 
intelligence and speed but not with memory; and only left hippocampal volume was 
significantly associated with memory, but not speed or intelligence. None of the 
significant associations was attenuated by the correction for multiple testing. The 





quantitative MRI parameters, is more sensitive at detecting brain tissue structural 
integrity than volumetric measurements alone. To the best of our knowledge, this is 
the first study to investigate associations between cognitive ability and hippocampal 
integrity measured using multi-modal quantitative MRI techniques in a large sample 
of community-dwelling non-demented older adults.  
 
We performed a separate analysis for participants with MMSE scores above 27. The 
conventional approach is to set the threshold to 24 that indicates possible cognitive 
impairment (Filippi et al, 2000), but our choice of a more conservative threshold of 27 
allowed us to include those who are unlikely to suffer from cognitive impairment. We 
found that there was no difference in associations when the analysis included only 
subjects with MMSE scores above 27 compared with the use of the entire population. 
This was not a surprise because our participants were generally healthy individuals 
with no history of cognitive impairment or neuropsychological conditions.  
 
The associations between hippocampal volume and memory are consistent with 
previous studies (Erickson et al, 2010; van der Lijn et al, 2008; Ystad et al, 2009) 
supporting the idea that the hippocampus is responsible for encoding and retrieval 
functions (Muzzio et al, 2009; Tamminga, Stan, & Wagner, 2010) and hence plays a 
key role in declarative memory (Boyer et al, 2007). Our finding that higher MD 
values in the hippocampus were associated with poorer cognitive ability is also 
consistent with previous studies (Carlesimo et al, 2010; den Heijer et al, 2012). We 
did not find any significant association between hippocampal FA values and memory. 
This is also in agreement with previous studies (Carlesimo et al, 2010; den Heijer et 
al, 2012), although both groups measured cognitive ability using only memory 
performance but in addition to memory, we assessed cognitive ability using both 
speed of information processing and IQ at older age, and our analysis accounted for 
age 11 IQ which allowed us to carry out a detailed investigation of the associations 
between cognitive ability and hippocampal integrity. 
 
The observed associations between poorer performance on the cognitive assessments 
with increased T1, and increased MD suggest an age-related increase in tissue water, 
and with reduced MTR supports potential axonal damage as possible mechanism for 





poorer cognitive ability and lower FA, reflective of further microstructural changes in 
cellular structure. The associations between quantitative MRI parameters and 
cognitive measures suggest that subtle changes in hippocampal cellular structure may 
have begun to affect cognitive processes before changes in volume are detected. The 
currently ongoing longitudinal MRI of this population will provide an opportunity to 
study these subtle, but potentially significant changes in cell structure, and allow a 
better understanding of the interaction between biological age-related changes and 
their cognitive correlates.    
 
Reuben et al. (Reuben et al, 2011) have suggested that the hippocampus may be 
involved in logical reasoning, or fluid intelligence which is itself correlated with 
processing speed (Sheppard & Vernon, 2008). Our finding that MTR was associated 
with intelligence and processing speed but not memory may reflect this aspect of 
hippocampal function. We know that information processing speed mediates 
associations between intelligence and tract integrity (Penke et al, 2010), and that 
diffusion methods are more sensitive at detecting axonal damage, therefore it would 
seem that our findings of associations between cognitive ability and FA, and MD 
reflect changes in the substrates of hippocampal tissue likely to contribute to poorer 
performance in cognitive measures more associated with neural networks. 
 
Asymmetry in hippocampal volume is common, with a smaller left than right 
hippocampus being reported in healthy older adults (Woolard & Heckers, 2012) as 
well as in dementia and dementia subtypes (Eckerstrom et al, 2008). It may be the 
case that hippocampal degeneration reaches a threshold whereby the volume has 
reduced significantly enough to affect cognition as maybe the case in Alzheimer’s 
disease, where significant hippocampal atrophy is associated with poor memory when 
compared to age matched controls (Leung et al, 2010). The association between left 
hippocampus and memory may indicate that it is differentially affected by the ageing 
process, though the potential biological underpinnings of this need to be explored in 
future research. 
 
The differential pattern of associations between cognitive performance and 
quantitative MRI parameters in the hippocampus, compared to the associations found 





MRI biomarkers are sensitive at detecting histopathological changes in the absence of 
severe neuronal loss. Support for the idea that these measures are more sensitive at 
detecting microstructural changes comes from studies that have used  MD and FA 
(Hong et al, 2010), and MTR (Hanyu et al, 2005) to differentiate between various 
patient groups. The successful application of quantitative MRI techniques to 
distinguish between subtle differences in the underlying pathology of diseases with 
overlapping characteristics, such as Alzheimer’s disease and dementia with Lewy 
bodies, lends strength to the use of multi-modal MRI in studying age-related 
structural changes in the hippocampus of normal older adults. To test the pattern of 
change in multi-modal hippocampal parameters either a longitudinal or large cross-
sectional dataset, which included participants with a range of dementia subtypes, 
mild-cognitive impairment and normal older adults would be helpful. Application of 
multi-modal MRI in such a dataset would help to elucidate the parameter that is most 
sensitive to cognitive change, hopefully leading to a clearer understanding of the 
underlying mechanism that is influencing the cognitive outcome.  
 
The main strength of this study lies in the application of multi-modal MRI to quantify 
structural integrity in the hippocampus in a large (n=565), well-characterised group of 
older adults. This study is one of the largest so far to report associations between any 
measured hippocampal integrity and cognitive ability (Adriano et al, 2012). Where 
previous studies have successfully applied these techniques to pathological conditions 
such as brain tumour or multiple sclerosis (Davies et al, 2004; Liang et al, 2012), 
Alzheimer’s disease (Hanyu et al, 2005; Hong et al, 2010; Ropele et al, 2012), 
dementia with lewy bodies (Hanyu et al, 2005) and cerebrovascular disease (Foerster 
et al, 2012), we have shown their usefulness in providing more sensitive measures of 
brain structure than volumetric analysis in detecting subtle associations with cognitive 
performance. Another strength of the study is the access to early life cognitive data, 
age 11 IQ, allowing us to control for prior ability when looking at associations 
between cognitive ability in later life and brain size. We clearly demonstrate, through 
the assistance of age 11 IQ, that hippocampus integrity is associated with cognitive 
decline over a lifespan, from youth to later life. Failing to account for earlier life 
cognition would risk the erroneous assumption that all associations between 






The main limitation of the study is the lack of longitudinal data to assess time 
dependent changes in the hippocampus and their association with cognitive ability. 
However, the LBC1936 participants are currently undergoing repeat MRI to provide 
such longitudinal data. 
 
In conclusion, we found that hippocampal integrity assessed using T1, MTR, MD and 
FA were significantly associated with nearly all measures of cognitive ability 
investigated, even after accounting for early life age 11 IQ, whereas volume was less 
sensitive. Advanced multi-modal MRI measures (obtainable from three MRI 
sequences) may provide more sensitive measures of age-related changes in 
hippocampal integrity than volume measurements derived from conventional 
structural MRI.  Furthermore this approach may be more useful in helping us to 
determine the brain’s role in cognitive ageing, specifically individual differences 
present in the associations between measures of the hippocampus and cognition.   
 
Section 6: Discussion 
 
Chapter 14. General discussion 
 
The work in this thesis is intended to explore the challenges of measuring brain 
ageing, and to investigate how the resulting data were related to cognition in later life. 
Global measures of brain status such as intracranial volume and regional 
measurements of areas often implicated in ageing were studied. The main aims were 
to explore existing segmentation methods to discover the pros and cons of applying 
them in a large, older group of healthy adults. By doing so it was hoped that practical 
solutions to some of those difficulties posed by specific age-related features in the 
brain would be overcome, or at the very least obvious next steps needed to resolve 
them would emerge.  
The difficulties surrounding defining how well a method has performed are 
considerable. When trying to determine which method out of several methods 
available you should choose, there are many factors to consider. Validation of method 
performance should be appropriate to the use and application of the methods you are 





sensitivity and specificity of that method, at correctly classifying people is most 
important. Whereas when looking at features within a group, such as brain size, the 
method being evaluated should assess accuracy of measuring brain size. Therefore an 
evaluation metric that determines false positive/negative tissue segmentation would 
be most useful.  
 
Once an evaluation method has been chosen the next difficult step is to define what 
constitutes the ‘best’ or most ‘accurate’ method. When determining the performance 
of a segmentation method, the ultimate goal is to find a method that obtains a 
segmentation of the target region that is the most similar to the true value of that 
region. In brain research the true value can never be truly known as post mortem 
measurements are the only method by which you can directly measure a structure. 
Although post mortem studies exist they are not useful when investigating disease 
evolution or brain changes in healthy populations. Therefore reference standard 
measurements, obtained via highly trained manual raters, are considered the gold 
standard. When evaluating a set of methods comparing it to a reference standard is the 
simplest way of knowing which has performed well. In this instance the ‘best’ method 
is the one closest to the reference method. Though a minimum acceptable level of 
error or accuracy should be defined, otherwise the method that gives the closest result 
could still be considerably different than the reference standard, just less so than the 
other methods being evaluated. However the difficulty is in defining what is close 
enough to the reference standard. The most useful way of defining this is to look at 
comparable published methods, this way a method can be considered to be the ‘best’ 
performing if the magnitude of comparison to the reference standard is better than 
those published in other studies. This issue becomes further complicated if the method 
is novel and no comparative research is available. In this instance it is good practice to 
ensure that rate of error, by whatever validation metric is used, is less than that 
produced by two rater’s measurements.  
 
The variation in the validation strategies used to assess method performance can be 
seen from the literature review of automated hippocampal methods presented in this 
thesis. This variability between studies makes it difficult to compare results and 





reference measurements, this issue is still a significant problem in the field of 
computational morphometry.  
 
14.1 Global measures 
 
The studies in section 3 were designed to establish an appropriate method of 
measuring ICV, to assess if ICV is a stable measure of maximal brain size and to 
investigate potential confounding age-related factors when measuring ICV. We found 
that ICV measurements were most effectively made using a semi-automated 
technique that utilises a combination of image intensity thresholding and manual 
editing. This analysis specifically highlighted the need to either use spatial 
concordance statistics or visual assessment when validating methods against a 
reference standard. The confounding effect of the presence of over and under 
segmentation in the same image was made apparent when volume comparisons 
suggested smaller overall differences than were actually present on visual inspection 
of the segmentations. The method established during this piece of work was adopted 
as the primary image analysis protocol for ICV segmentation in the wider LBC1936 
study. It was deemed to have enough input to allow users to follow well defined 
inclusion and exclusion criteria of erroneous structures, whilst reducing time 
investment and increasing reproducibility.  
Analysis that built on this looked at whether early life cognitive ability and brain 
status were better predictors of late life cognitive ability than brain status in old age. 
The finding that brain tissue volume at age 73 years is the better predictor even after 
accounting for age 11 IQ and ICV, which functions as a proxy measure for brain size 
in youth, suggests age-related mechanisms are involved. However the presence of a 
modest association remaining between ICV and late life cognitive ability is interesting 
as it suggests some support for the cerebral reserve hypothesis. The main difficulty 
with making inferences from cross-sectional data is the inability to take account of 
adaptive processes. Adaptive processes may help older adults to retain abilities by 
recruiting alternative neural networks to compensate for decline in other areas of the 
brain (Park and Reuter-Lorenz, 2009). The variation in reported findings between 
cognitive decline and decreased regional brain volume may result not only from 





from different patterns of compensation over a person’s lifetime. It may be that those 
individuals, whose better cognitive ability was associated with fewer indications of 
brain tissue atrophy at age 73, began life with a brain better equipped to adapt to 
changes and insults across the lifespan. Ultimately how well we age, however that is 
measured, is dependent on a multitude of factors but the state of our brain throughout 
our lives, not just in old age, is important.  
One of the main tenets of using ICV as proxy measure for pre-morbid brain size is 
that it remains stable overtime, the analysis in Chapter 5 shows that this is the case. 
As mentioned the only way of being more sure of this would be to obtain MR images 
from early life to old age but in the absence of this cross-sectional data of a large 
sample is a good alternative. There is however an age-related process that affects the 
inner skull table and therefore the intracranial vault, which was identified and 
investigated. The prevalence of thickening of the inner skull in older adults is not 
known, partly because other than when it is aggressive it seems to be a benign process 
and therefore does not foster much attention. The study presented in this thesis 
revealed that women are more affected than men and in those cases of substantial 
thickening the ICV measurement was confounded by a significant degree. Though 
exploratory the results are important in highlighting the need to understand the 
biological underpinnings of structures being measured in neuroimaging research. 
Gender differences in age-related brain tissue decline may reflect sexual dimorphisms 
but they may also in part be influenced by ICV measurement, which in turn is 
influenced by inner table skull thickening. The process is most prevalent in the frontal 
region of the skull, what affect this has on frontal brain changes is not known but 
requires further investigation. This analysis not only flags a potential confounding 
factor in age-related gender differences and measurement of ICV but underlines the 
need for researchers using image analysis to take a more holistic approach to 
quantifying brain status.  
 
14.2 Regional measures 
 
The decision to focus on hippocampal segmentation was initially as a result of how to 





considered too time consuming. Automated methods are commonly used but not 
always effective in older adults. The review of automated methods (Chapter 3) for 
hippocampal segmentation suggested that although methods were not often 
adequately validated in healthy older adults, those that were reported a good 
agreement with manual segmentations. The difficulty when comparing effectiveness 
of methods across studies was in the variation in the statistics used to validate 
methods. Good agreement between a method and a corresponding reference standard 
measure should be considered in relation to the expected size of the effect being 
investigated. If an overlap statistic of 80% were reported it would indicate a high 
degree of agreement between methods. However if a small difference of 5-10% were 
expected then an 80% agreement leaves a discrepancy of 20% between 
measurements, which would exceed the expected difference. Another issue that 
emerged from the review was that of associations between group characteristics and 
hippocampal volume being present or not depending on the automated method used 
(Bishop et al, 2011). This has been found in other brain regions that share the same 
anatomical challenges as that of the hippocampus in that they are small, variable and 
can have difficult to detect borders with other regions (Tisserand et al, 2002).  
A concern that arose from the study comparing automated methods (Chapter 3) was 
that of the differences between hippocampal asymmetry found with each method. The 
magnitude of the difference between left and right hippocampal volumes was much 
smaller for the Freesurfer method than either the manual or FSL_FIRST methods. 
Automated methods that use atlases not matched to the group being studied risk 
potential confounding affects such as this. Significantly the papers in the review that 
reported good agreement between automated and manual methods in large samples 
both used targeted, age-appropriate templates. All of these factors should lead to the 
cautious use of automated methods in healthy older populations but not necessarily 
prohibit it. Small associations and subtle changes require methods that are precise to 
reduce, as much as possible, the confounding effects of measurement error and bias 
from the data.  
Assessment of two widely used and freely available automated methods was 
performed to determine if they could be used to provide hippocampal segmentations 





due to the introduction of an age appropriate atlas was as expected but manual editing 
was still required. Segmentation algorithms are becoming increasingly more 
sophisticated and able to perform to high standards however a standardised procedure 
for validating methods, automated or otherwise, should be developed to ensure that a 
certain level of confidence can be placed in the application of a method to providing 
volumetric analysis of the human brain. The efforts of Shattuck et al (2009), who have 
developed an online resource containing datasets and tools for validation of 
segmentation methods, should be recognised as a positive step in addressing this 
issue. Normal image brain banks and freely available atlases are also starting to 
become available online (http://www.sinapse.ac.uk/research-resources/brains-project). 
Progress in image analysis is to the benefit of all those scientific disciplines that 
utilise its unique contribution, however basic standards of validation, reproducibility 
and reliability should not be overlooked.  
 
As discussed earlier associations between hippocampal volume and cognitive decline 
in healthy older adults have been mixed. The analysis in Chapter 13 suggests that 
these subtle associations may be better detected using multimodal imaging. 
Segmentations of the hippocampus were still needed to perform this analysis, so 
despite tissue volume being a less sensitive measure it was important that an accurate 
mask be obtained. These findings contribute most directly to the debate on the 
underlying changes occurring in the microstructure of a tissue that may influence 
cognitive function in the absence of significant tissue deterioration. Smaller left 
hippocampal volume was associated with memory decline but interestingly the 
strongest associations with quantitative metrics were not with memory but with 
general intelligence and speed.  It could be interpreted that measures such as MTR, 
T1, FA and MD detect changes in the hippocampus related to its function in networks 
other than memory.  
One of the most informative findings from this thesis was the extent to which manual 
protocols used to delineate the frontal lobes vary significantly. The review in Chapter 
4 revealed the considerable number of boundaries used to define the frontal lobe and 
the follow up analysis that applied a selection of these boundaries to segmentation 
showed the consequences of such substantial variation. Further to the suggestion that 





standardised and widely applied are vital. The huge implications in our 
comprehension of the vast amount of literature discussing the role of the frontal lobe 
in healthy ageing is being held back by the inability to compare findings across 
studies. If each research study has a different understanding of frontal lobe boundaries 
it becomes impossible to usefully interpret findings in the context of what already 
exists. Crucially the application of protocols analysis (Chapter 11) brought out the 
delicate trade off between accuracy and reproducibility that is pervasive in image 
analysis. Though it is concerning that anatomically, accurate boundaries, such as the 
central sulcus, show significant variation in application and reproducibility the 




It must be noted that there are methodological limitations that apply to all of the 
studies in this thesis. Though the LBC1936 cohort is part of a longitudinal study, the 
data used in this thesis is cross-sectional, as it was performed prior to completion of 
the second wave of testing. This means that any significant associations reported 
could be due to factors accrued at any point in the lives of the participants and not 
necessarily as a result of ageing. Follow up data at a second time point is currently 
being acquired and subsequent waves are planned with detailed analysis.  
 
Due to time, data storage and computational capacity constraints it was not possible to 
perform a like-for-like comparison of automated hippocampal methods. Additional 
analysis which included segmentations derived from Freesurfer with an age 
appropriate template in place of the standard atlas would have given a fairer 
indication of the methods capabilities. However, the purpose of this study was not to 
determine which of the two methods was best, but to assess the individual 
performance of each method against manual segmentation of the same subjects. 
Therefore it is sensible to interpret the results in two ways. First, as giving an 
indication of how a freely available automated method performs in a dataset that it has 
not been developed in. Second, of how the optimisation of such methods can improve 






14.4 Future work 
 
The finding that brain status in old age is a good predictor of ability in late life is not 
surprising but the residual, modest association remaining between ICV and cognitive 
ability in old age is interesting. Support for early life factors predicting late life 
function could be very useful in helping researchers identify groups who are more at 
risk of ageing poorly. These groups could be given extra support and early treatments 
to try and reduce some of the other contributing, and more easily targeted, factors 
such as lifestyle choices that influence cognitive functioning in later life. Longitudinal 
analysis, ongoing for the LBC1936, will help to further explore this idea by recording 
the ageing trajectories of the cohort over a decade in late life and beyond. Though a 
more definitive answer to this question cannot be reached without following a group 
from birth to old age, or even in utero to death, future work on the subsequent waves 
of data collection from this group may help to indicate which measures are better 
predictors as the effects of ageing become more pronounced. The measurement 
methods explored in this thesis provide an age sensitive set of methods that can be 
used to assess further waves, as well as contributing to the baseline data.  
 
The methodological limitations highlighted, in both manual boundary protocols and 
automated methods, in this thesis can be viewed as positive steps towards addressing 
some of the contributing factors to variation in the reported literature. It is hugely 
important that research groups consider the image analysis methods they are using in 
the context of the group they are studying, even if that population is considered 
normal. The occurrence of normal brain changes in old age is common knowledge 
and yet methods developed for either younger groups or clinical populations are 
applied to, what should be considered as, an unique group. Future work should aim to 
take advantage of the rapidly developing online resources, to aid researchers in 
gaining access to high quality data for use in validation of methods in diverse 
samples. Knowing how well a method performs in a particular population would 
enable researchers to not only choose the most effective segmentation method for 
their study but will encourage improvements. Small but significant improvements in 
accuracy of segmentation methods can be significant when looking at subtle 





improving segmentations in older adults, as well as other groups (Fonov et al, 2011), 
would be encouraged. 
 
The major issue in image analysis of ‘time versus accuracy’ was not resolved in this 
work but significant steps towards emphasising those aspects in a process that can be 
standardised and improved was. It seems the most effective way of resolving this 
problem would be to refine an automated or semi-automated method that reduces rater 
variation but maintains quality control through expert user input (Aribisala et al, 
2013). This would be reliant, either through the use of atlases or manual 
segmentations to train the algorithm, on a well researched, anatomically sensitive 
protocol being developed prior to any future methods work. In the case of the work 
presented here valuable further analysis, which would clarify the implications of 
comparing studies on the role of the frontal lobes in healthy ageing, would involve 
including cognitive data. Repeat analysis looking at the potential differences in 
strength of associations between the various boundary measurements, applied in 
Chapter 11, and cognitive performance would be useful. This would provide a clear 
indication as to the influence that having such a wide variety of protocols in the 
literature has upon our understanding of the frontal lobes involvement in normal 
ageing.  
 
The finding that a multi-modal image analysis approach was more sensitive at 
detecting associations between cognition and the hippocampus should be further 
developed. Combining several brain image measures that contribute unique 
information about several tissue properties, rather than just volume for example, may 
be the next key step in understanding subtle brain ageing. The stronger associations 
with speed and general intelligence over memory suggest the role of the hippocampus 
in ageing is complex. Future work in this area should concentrate on assessing 
quantitative metrics in the component structures of networks implicated in a specific 
cognitive domain. The connective white matter tract integrity involved in the network 
also needs to be assessed. This level of investigation, involving both connectivity and 
region integrity, would provide the necessary degree of information required to fully 
























Pre-processing   
Posterior Boundary 
Age (std) mm Aligned Seg 
Almeida et al 
(2003) 
  
EOD 24 72.8 T1 1 1 ? X Most anterior slice on which the corpus 
callosum can be seen. LOD 27 75.5           
HC 39 72.9           






25 60+ T1 1 1  X Most anterior slice on which the corpus 
callosum can be seen. 
  HC 29 60+           
Aylward et al., 
(1997) 
HA 10 47.3 T1 1.5 1.5  X Central sulcus. 
Schretlen et 
al., (2000)  
HA 112 54 (19) T1 1.5 1.5  X Central Sulcus 
Baaré et al., 
(1999) 
Schizophrenia 14 28.5 (5.7) T1 0.5 1.2   Precentral Sulcus 
HC 14 26.9(5.9)         Manual 
Staal et al., 
(2000) 
  
Schizophrenia 16 40.6(8.2) T1 1.5 1.2   PreCentral Sulcus 
Healthy Siblings 16 40.9(8.6)           




Depressed 24 66 T1 1.5 1.4   Precentral sulcus (but not for ACC). 
HC 19 66          













Depressed 26 70 (7.7) T1 1.5 1.4   PreCentral Sulcus 
  HC 23 71 (7.9)           
Bartzokis et 
al (1993) 
Healthy males 70 38.6 
(1.5.6) 






14 5-15 T2 0.5-1.5 5-8 X  Last locator line on the midsaggital image 
passing through the rostrum of the CC 
Mild CHI  
children 
14 5-15          
Beyer et al 
(2009) 
Bipolar 56 60.5   1.5 3  X Coronal plane containing the  
CC genu. HC 43 58.1           
Bjork et al 
(2009) 
HA 29 37.4(11) T1 1.5 2   Coronal plane containing AC 




HCs 5   T1 1.5 1.2  X Central sulcus 
AD 3           
Vascular Dementia 1           
FTD 1           
Bokde et al 
(2005)  
HA 10 60.3(8.8) T1 1.5 1.2  X Central Sulcus 




Schizophrenia 9 30-52 T1 1.5 2  X "Coronal slice that bisects the distance 
between the cingulate sulcus and the PrCS 
in two equal parts." 
HC - middle aged 9 30-52           
HC - old 9 58-76           





27 66.5(8.9) T1   1.2 X X "Coronal slice that bisects the distance 
between the cingulate sulcus and the PrCS 
in two equal parts." 
  
HC 27 59.8(8.5)           





al., (1998) fissure 
Bremner et al 
(2000) 
MDD 16 43(8) ? ? ? ? ? All coronal slices anterior to the AC 
HC 16 45(10)           
Bremner et 
al., (2002) 
MDD 15 43(8) T1 1.5 3 ? ? All coronal slices anterior to the AC 




Autism 42 5.4(1.7) T2 1.5 3 X  Central sulcus 




Autism 25 2-9 T1 1.5 3 X  Central sulcus 
HC 18 2-9           
Castellanos 
et al (1996) 
ADHD 55 5-18 T1 1.5 1.5-2  X Anterior to the CC genu 
coronal slice HC 57 5-18           
Coffey et al 
(1991) 
Depressed 35 55.7(17) T1 1.5 5  X Optic chiasm - most posterior tissue not 
included 
Coffey et al 
(1998) 
HA 330 74.98 
(5.09) 







Korsakoff 11 39.1 
(13.5) 
T1/T2* 1.5 1.2-2.3 X X Central Sulcus 
Herpes E 9             
Focal frontal lesion 6             
HC 10 45.9 
(17.3) 
          
Kopelman et 
al (2001) 
Amnestic 40   T1 1.5 1.2 X X Central Sulcus 
  HC 10             
Crespo-
Facorro et al., 
(1999) 
  
HC NR NR T1 1.5 1.5   A coronal plane passing through the most 
anterior tip of the inner surface of the genu 
of the CC. 
  
Schizophrenia NR NR         
Schizophreniform NR NR         
Autism NR NR           








HC 34 25.2(6.2) T1 1.5 Resampled to 
1 
  As Crespo-Facorro et al., (1999) 
 
  Schizophrenia 26 26.4(6.7)           
Chemerinski et 
al (2002) 
Schizophrenia 45 30(8.9) T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 HC 45 30.5(8.5)           
Coryell et al 
(2005) 
  
MDD 10 21.9(4.9) T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 Schizophrenia 10 22.2(4.2)           
HCs 10 22.1(6.0)           
Antonucci et al 
(2006) 
Psychiatric (various) 15 39(8.7) T1 1.5 5   As Crespo-Facorro et al., (1999) 
 
Gansler et al 
(2009) 
Psychiatric (various) 41 40.12 
(8.3) 
T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 
 HC 19 40.94 
(7.5) 
          
Szendi et al 
(2006) 
Schizophrenia 13 25.9(5.4) T1 1 1.5 X X As Crespo-Facorro et al., (1999) 
 HC 13 29.3(4.7)           
Boes et al 
(2007) 
Cleft Palate 30 7-12 T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 
 
HC  43 7-12           
Wood et al 
(2007) - adults 
HA 60 18-50 T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 
Wood et al 
(2008) children 
HA 74 7-17 T1 1.5 1.5   As Crespo-Facorro et al., (1999) 
 





FTD 12 42-72 T1 1.5 2.5 X X As Crespo Facorro but Fornito protocol for 
the ACC…. SD 13 52-77         
PNFA 9 57-78         





HA 10 24-35 T1 1.5 1 ? ? Medial - coronal plane 6mm posterior to 
the AC. 
Orbital - a line drawn between the posterior 









Lateral - coronal plane 10mm anterior to 
the meeting of the inferior branch of the 
SFS and PrCS. 
De Bellis et 
al (2005) 
Alcohol Use Disorder 14 17(2.1)   1.5 1.5  X Coronal plane at CC genu 
HC 28 16.9(2.3)           
Drevets et al 
(1997) 
Bipolar 21 35 (8.2) T1 1.5 2.5 X  Anterior most coronal slice where the CC 
no longer divides the striatum Unipolar 17 35 (9.4)          
HC 21 34 (8.2)          
Hirayasu et al 
(1999) 
Schizophrenia 17 27.2(7.4) T1 1.5 1.5 X X As Drevets (Axial tracing) 
Affective disorder 24 23.7(5.1)           
HC 20 24(4.3)           
Hastings et 
al (2004) 
Depression 18 38.9 
(11.4) 
T1 1.5 1.5 X Manual As Drevets (Axial tracing) 
HC 18 34.8 
(13.6) 
          
Nifosi et al 
(2010) 
FPDD 15 43.9(11) T1 1 1.5 X X Coronal plane at the AC 





Depression (young) 30 20.2(1.6) T1 1.5 0.5  X As Drevets. 
Depression (old) 18 35.8(8.1)          
HC (young) 8 20.2(1.6)          
HC (old) 9 35.8(8.1)          
Kegeles et al 
(2003) 
MDD/Bipolar 19 36(11) T1 NR 1.5 X X As Drevets. 




Unipolar 18 42(10) T1 1.5 1.5 X Manual As Drevets. 
  Bipolar 27 35(11)           
HC 38 37(10)           
Egan et al 
(1994) 
Schizophrenia 16 19-39 ? 0.5 10 X X CC genu 





Exner et al 
(2002) 
Basal Ganglia lesion 20 53(11) T1 1.5 1 X X Precentral sulcus 
HC 20 52(9)           
Exner et al 
(2006) 
Schizophrenia 15 29(9) T1 1.5 1 X X Precentral sulcus 
  HC 15 28(8)           
Filipek et al 
(1997) 
ADHD 15 12.4(3.4) T1 1.5 3   Coronal plane at AC. 
HC 15 14.4(3.4)           
Flashman et 
al (2001) 
Schizophrenia 15 31.9(11) T1 1.5 1.5 X X Precentral gyrus, insula,  
Fornito et al., 
(2006) 
ACC only 
HA 24 25-29 T1 1.5 1.5   The first coronal slice posterior to the AC.  
               
Foundas et 
al (2001) 
HA 12 29.8(14) T1 1.5 1.5  X Sylvian fissure 
Knaus et al 
(2006)  
HA 48 29.2(7.57) T1 1.5 1.5  X Precentral sulcus (sagittal tracing) 




T1 1.5 1.5  X Precentral sulcus 
Knaus et al 
(2009) 
  
ASD 40 12.22(3.3) T1 3 1  X Precentral sulcus 
HC 40 12.24(3.2
5) 
          
Fukui et al 
(2000) 
  
PPA 17   T1/T2 1.5 5.5-6.5 X X CS - line connecting anterior sylvian 
fissure and frontal horn FTD 11             
AD 24             
Giedd et al 
(1996) 
HA 104 11.6(3.5) T1/T2 1.5 1.5  X Anterior to coronal plane at 
CC genu 
Casey et al 
(1997) 
  
ADHD 26 9.69(1.99) T1 1.5 1.5 X X Prefrontal - anterior most point of CC 
HC 26 9.8(1.7)           
Kumra et al 
(2000) 
Schizophrenia 44 14(2.3) T1 1.5 1.5-2  X Prefrontal - anterior most point of CC 





Psychotic Disorder 27 12.3(2.9)             
  HC 42 11.7(3.3)           
Geroldi et al 
1999 
  
AD 28 53-86 T1 1.5 2  X Anterior to the coronal slice where the CC 
is present 
HC 30 53-86           
Ginovart et al 
(1997) 
  
Huntington's Disease 5 49.4(7.6) ? 1.5 1.5 X X Drawn from the imaging planes in which 
the insula was visible bilaterally to the 
planes where the putamen disappeared.  
HC 5 48(7.8)          
Backman et al 
(1997) 
  
Huntington's Disease 5 49.4(7.6) ? 1.5 1.5 X X As above 
  HC 5 48(7.8)           
Gur et al 
(2000) 
Schizophrenia 70 18-45 T1 1.5 1   Dorsal regions: coronal plane at the 
anterior tip of the CC. HC 81             
Cowell et al 
(1994) 
HA - mid 96 18-40 T1 1.5 5  X Coronal appearance of the  
mamillary bodies         - old 34 41-80           
Turetsky et al 
(1995) 
Schizophrenia 71 29.7(3.2) T2 1.5 5  X As Cowell 
  HC 77 28(7.3)          
Kumar et al 
(1997) 
  
Minor Depression 18 70.94 
(8.69) 
T2? 1.5 5? X X As Cowell 
HC 31 69.7 
(6.18) 
         
Kumar et al 
(2000) 
  
MDD 51 74.3 
(6.56) 
T2? 1.5 5? X X As Cowell 
HC 30 69.43 
(6.09) 
          
Matsui et al 
(2000) 
18-42yrs(59)     T1 1.5 5   As Cowell 
Gur et al 
(2002) 
HA 116 18-49yrs T1 1.5 1   As Cowell 
Gur et al 
(2004) 
  
Schizophrenia 31 <50 yrs T1 1.5 5   As Gur 2000 





Mohlman et al 
(2009) 
  
GAD 15 60+yrs T1 1.5 1.5  X As Gur 2000 









43 69(5.4) T1 1.5 1.5-2  X Posterior: coronal slice at AC. A straight 
line was drawn from the bottom of the 
lateral fissure (ventral insular sulcus) to the 
medially located choroidal fissure in order 
to separate the temporal lobe from the 
frontal lobe. 
HC 47 71.1(4)         
Harris et al 
(1994) 
HA 57 31.5(7.9) T2+pw 1.5 5 X  As above (axial) 
Schlaepfer et al 
(1994) 
  
Schizophrenia 46 31.8(7.8) T2+pw 1.5 5 X   As above (axial) 
HC 60 31.6(8)          
Bipolar 27 34.9(8.6)           
Schlaepfer et al 
(1995) 
HA 60 30-43 T2+pw 1.5 5 X   As above (axial) 
Hasan et al 
(2011) 
HA MZ Twins 12 19-36 T1 1.5 3  X Coronal slice at CC genu 




ASD 7 24.3 
(10.7) 
T1 1.5 1.2  X ACC only 
  
HC 7 26.4(9.2)           




Schizophrenia 27 38.3 
(14.3) 
T1 1.5 1.2  X ACC only 
  
  Schizotypy 13 43.3 
(13.6) 
          
HC 32 41.8 
(12.1) 
          
Hill et al 
(2003) 
  
ADHD 23 9.35 
(1.82) 
T1 1.5 3  X Just dorsal and ventral PFC 
HC 24 9.36 
(1.64) 
           
Howard et al 
(1995) 
Delusional Disorder 19 79-86 T1 1.5 5  X Coronal plane at the CC genu 









LBD 8 74.6(9.2) T1 1.5 1.5 X X Precentral sulcus for SFG & MFG,  
Circular sulcus of the insula or Sylvian 
fissure  for the IFG. 
AD 8 78(5.7)           
HC 9 62(9.2)           
James et al., 
(2004) 
Schizophrenia 16   T1 1.5 3 X  Posterior part of the genu of the CC in 
(coronal) HC 16             
Jernigan et al 
(1991) 
HA 55 53.8 
(14.1) 
T1 1.5 5 X X A coronal plane bisecting the midpoint 
between CC genu and splenium 
Jernigan et al 
(2001) 
HA 78 62.9(18) T1 ? 1.5 X X As above 
Sowell et al 
(2002) 
HA 35 7-16 T1 ? 1.5   Central sulcus 
John et al., 
(2006) 




5 22.7(4.7) ? ? 1.25  X Precentral Sulcus & insular 
HC 5 20.6(3.1)            
John et al., 
(2007) 
HA 20 22-40 T1 1.5 1.25   Frontal Pole only 






T1 1.5 0.5   Frontal Pole only 
HC 23 30.13(5.0
5) 
            




Tourettes Syndrome 13 9.9(1.1) T1 1.5 1.5  X Anteriormost coronal plane at which the 
precentral gyrus can be visualised. ADHD 13 9.4(1.2)          
HC 13 10(1.5)           
Kelsoe et al 
(1988) 
Schizophrenia 27 29(1) T1 0.1 10  X Coronal plane at the CC genu 
HC 14 (31(1)           




HA 20   T1 1.5 1.5   Anterior perforated 











T1 1.5 1.5   ACC, OFC only 
Schizophrenia 18 35.9(11.9
7) 
          
HC 18 34.6(11.8
2) 
          




Bipolar  14 15.5(3.2) T1 1.5 1.5   Tip of the genu of the CC 
HCs 20 16.9(3.8)           
Girgis et al 
(2007) 
  
ASD 11 8-12 T1 1.5 1.5   Tip of the genu of the CC 
HC 18 8-12           
Monkul et al 
(2007) 
  
Unipolar 17   T1 1.5 1.5   Tip of the genu of the CC 
HC 17             
Chanen et al 
(2007) 
 OFC only 
BPD 20 17.3(1.1) T1 1.5 1.5   As Riffkin 2005 
HC 20 19(2.2)           
Nery et al 
(2009) 
  
Bipolar 28 34(11.9) T1 1.5 1.5   As Lacerda 
HC 28 32.5(8.5)           
Atmaca et al 
(2010) 
  
Body dysmorphic 12 29.6(4.8) T1 1.5 2.4     As Lacerda, but no OFC sub-division 
HC 12 26.44 
(5.7) 
          




AD 20 62 T1 1.5 1 X X DLPFC 
ACC 
OFC 
HC 30 62           
FTD 12 59           
SD 12 64           





T2 1.5 3 X  OFC only 
HC 20 71.79(4.4
4) 









BPD 25 26.2(3.6) T2 1.5 5 X X Optic chiasm - posteriormost tissue not 
included 
HC 25 24.9(4.1)           
MacLullich 
et al (2002) 
HA - males 100 65-70 T1 1.9 1.5 X X coronal plane at CC genu 
MacLullich et 
al (2006) 
HA 20 65-70 T1 1.9 1.5 X X Coronal appearance of mamillary bodies 
McCormick et 
al., (2006) 
Random selection of 
Schiz & HC 
14   T1 1.5 1.5   ACC only 




Panic Disorder 26 37.7 
(10.1) 
T1 1.5 1.5   As McCormick 
HC 26 38.2(9.7)           
McLaughlin 
et al (2009) 
Affective disorders 20 40.2(7.6) T1 1.5 1.5   Most anterior appearance of the frontal 
operculum, or when the rostrum and body 
of the CC could be clearly differentiated 
coronally. 




HA - young-old 11 70.36 
(2.43) 
T1 1.5 4 CC? X Central sulcus 
  
HA - middle-old 15 81.07 
(2.81) 
          
HA - old-old 20 86.96 
(2.23) 
          




Turner's syndrome 18 30(7) ? 0.5+1.5 5-7mm X X Supratemporal structures anterior to the 
aqueduct of Sylvius HC 19 27(8)           
Murphy et al 
(1996) 
  
HA - M 35 44(23) ? 0.5+1.5 5-7mm X X As above 
           - F 34 50(21)           
van 
Amelsvoort et 
VCFS 10 32(9) ? 1.5 1.5  X As above 






McAlonan et al 
(2002) 
  
Asperger 21 32(10)   1.5 1..5  X As above 




Schizophrenia 24 39.1 
(10.3) 
T1 1.5 0.94  X Circular sulcus of the insula 
  
HC 25 41.1(9.1)           
Nagel et al 
(2006) 
  
Healthy teens 65 14.95(1.9) T1 1.5 1.3   Coronal plane at the A-C. 




Alcohol Use Disorder 14 15-18 T1 1.5 1.3  X As above 
HC 17 15-18           
Medina et al 
(2009) 
  
Marijuana Users 16 16-18 T1 1.5 1.3  X As above 
HC 16 16-18           




Schizophrenia 14 31(4.7) T1 1.5 3 X X 6mm posterior to the coronal slice 
containing a clear view of the septum 




Kaur et al 
(2005) 
Bipolar 16 15.5(3.4) T1 1.5 1.5 X X Coronal anterior appearance of the A-C 
HC 21 16.9(3.8)       Unclear     
Nolan et al 
(2002) 
MDD 22 9-17yrs ? 1.5 1.5  X CC genu  
  HC 22 9-17yrs           
Pantel et al 
(1997) 
  
Depressed 19 72.4(8.8) T1 1.5 1.25 X X CC - splenium posterior aspects excluded 
  AD 27 71.9(8)           
HC 13 68.2(5.3)           
Paus et al 
(1996) 






et al., (1992) 
THIS PROTOCOL 
WAS NOT APPLIED 
AT THIS STAGE. 




  Medial:Coronal plane at AC 
Lateral: PrCS 
Measures central gyrus  
separately. 
Ventrolateral: insular cortex 
 
Caviness et al., 
(1996) 
HA 15 NR T1 1.5 3   Operationalized the Rademacher schema 




Trichotillomania (10) 10 31(10) T1 1.5 3   As Caviness 
  HCs (10) 10 28.5 
(11.2) 
        




made in this study?? 
              Precentral Sulcus 
Kennedy et al 
(1998) 
  
HA        M 10 27.4(5) T1 1.5 3   As Caviness 
                  F 10 26.9(5.3)          
Goldstein et al 
(1999) 
  
Schizophrenia 29 44.8(10.5) T1 1.5 3.1   As Caviness 
HC 26 39.8(11.5)           
Szeszko et al 
(1999a) 
Schizophrenia 19   T1 1 3.1  X MODIFIED CAVINESS 
HC 26              
Szeszko et al 
(1999b) 
OCD 26   T1 1 1.5  X MODIFIED CAVINESS 
HC 26             
Szeszko et al 
(2000) 
Schizophrenia 35   T1 1 1.5  X MODIFIED CAVINESS 
Allen et al 
(2002) 
HA        M 23 32.1(8.8) ? 1.5 1.5-1.6  X As Caviness 
                  F 23 32.6(7.5)           
Rauch et al 
(2003) 
PTSD 9   T1 1.5 1.5   As Caviness 









1 5 T1 1.5 1.5   As Caviness 





ALI 16 6-14 T1 1.5 1.5   Only measures IFG 
ALN 6 6-14           
SLI 9 6-14           
HC 18 6-14           
Allen et al 
(2005) 
  
HA        M 43 49.4 
(20.8) 
T1 1.5 1.5-1.6  X As Caviness 
  
                F 44 47(16.7)          
Frazier et al 
(2005) 
  
Bipolar Disorder 32 11.2(2.8) T1 1.5 1.5  X As Caviness 
  HC 15 11.2(3)          
Rupp et al 
(2005) 
Schizophrenia 33 25.4(4.7) T1 1.5 1-1.2   As Szeszko 
  HC 40 26.2(4.7)         




Anoxic 13 51.6 ? 1.5 1.5-1.6  X As Caviness 
  
  
HC        M 43 49.4 
(20.8) 
         
                F 44 47(16.7)           
Seidman et al 
(2006) 
ADHD 24 18-59 T1 1.5 1.5   As Caviness 
  HC 18 18-59          
Rosso et al 
(2010) 
FHR Schizophrenia 27 19(4.2) T1 1.5 1.33   As Caviness 





HA MZ twins 41 15.4 
(2.69) 
T1 1.5 3   As Caviness 
  
DZ twins 30 15.4 
(2.69) 
          
Raine et al 
(1991) 
  
HA 17 33.9 
(11.8) 
T1 0.15 10 X X Coronal plane at CC genu 













15 8-12 T1 1.5 1.2   Cut plane where the ascending ramus of 
the Sylvian fissure and the fissure both 
meet. In medial regions, the posterior 
boundary is defined by the anterior extent 
of the lateral ventricle.  
HC 15 8-12           
Ratnanather 
et al (2001) 
HC 5 NR T1 1.5 1 X  5mm anterior to the CC coronally 
Raz et al., 
(1995) 
  
Down's Syndrome 13 22-50yrs T1 1.5 0.86  X Rostral to the genu of the CC. 
HA 12 23-49yrs           
Raz et al 
(1997) 
HA 148 18-77yrs T1 1.5 0.86  X As Raz et al., (1995) 
 
Head et al 
(2002) 
HA 68 49(16.65) T1 1.5 0.86  X As Raz et al., (1995) 
 
Hesslinger et al 
(2002) 
ADHD 8 31.4(4.4) T1 2 0.98  X As Raz et al., (1995) 
HC 17 30.2(7.9)           
Raz et al 
(2003) 
  
Hypertensive 40 61.56 
(11.68) 
T1 1.5 1.3  X As Raz et al., (1995) 
 
HC 40 61.63 
(11.25) 
          
van Elst et al 
(2003) 
BPD 8 33.5(6.3) T1 2 0.98  X As Raz et al., (1995) 
HC 8 30.5(5.1)           
Raz et al 
(2004) 
HC 200 29-63 T1 1.5 1.3  X As Raz et al., (1995) 
 
Raz et al 
(2005) 
HA 72 52.49 T1 1.5 1.3  X As Raz et al., (1995) 
 
Raz et al 
(2007) 
Vascular Risk 23 47-77 T1 1.5 1.3  X As Raz et al., (1995) 
HC 23 45-75           
Raz et al 
(2010) 






Rosen et al 
(2002) 
tvFTD 9 66(8.3) T1 1.5 1.5   First coronal slice anterior to the optic 
chiasm HC 10 60.3(8.1)         
Salat et al 
(1999a) 
  
AD 22 69.8 T2 1.5 4   Coronal slice at CC genu 
  HC - old 22 88.9           
HC - young 26 71           
Salat et al 
(1999b) 
AD 30 64-75 T1 1.5 4   Coronal slice at CC genu 
HC 17 66-77           




AD 22 69.8 T2 1.5 4   Coronal slice at CC genu 
HC - old 22 88.9           
HC - young 26 71           
Salat et al 
(2002) 
  
HA - young 20 21-43 T2 1.5 4   Coronal slice at CC genu 
           - old 31 72-94           
Sanches et al., 
(2009) 
 DLPFC only 
HA 10 26.8(6.5) T1 1.5 1   The slice immediately anterior to the most 
rostral slice where the CC can be viewed as 
a bridge in coronal view                
               
Sanfilipo et 
al (2000) 
Schizophrenia 53 38.7(5.5) T1 1.5 2.8   Slice anterior to the CC genu 
HC 29 35.8(8.7)           
Sanfilipo et 
al (2002) 
Schizophrenia 62 38.8(5.3) T1 1.5 2.8   Slice anterior to the CC genu 
HC 27 13.1(1.6)           
Seidman et 
al (1994) 
Schizophrenia 19 33.6(8.4) T1 1.5 5-6 X  Most posterior coronal slice passing 
through the CC genu 
Gilbert et al 
(2001) 
  
Schizophrenia 16 26.56 
(7.3) 
T1 1.5 1.5   Most posterior coronal slice passing 
through the CC genu 
  HC 25 23.6 
(4.66) 
         




  T1 1.5 1.5   Most posterior coronal slice passing 






et al (1997) 




HA 10   T1 1.5 1.6 X X Central sulcus 
Semendeferi et 
al (2002) 
HA 10   T1 1.5 1.6 X X Central sulcus 
Schenker et al 
(2005) 
Sub-regional 10 32.4 
(8.55) 
T1 1.5 1.6 X X Central sulcus 
Sherwood et 
al (2011) 




AAMI 16 68(7) T1 1.5 1.5-1.8 X X Coronal slice at AC 
HC 16 70(5)           




AD 32 69(8) T1 1.5 1.5-1.8     Coronal slice at AC 
Excluded temporal lobe in posterior slices 
by drawing a line from the lateral fissure to 
the choiroid fissure, then above the optic 
tract to the midline. 
HC 16 70(5)     but traced at 
5mm 
    
Suga et al 
(2010) 
Schizophrenia 29 30.9(6.4) T1 1.5 1.5 X X BA 44 & 45 after Tomaiuolo 1999 and 




hfASD 13 28.5(10.2) T1 1.5 1.5 X X BA 44 & 45 after Tomaiuolo 1999 and 
Knaus 2006  
  
HC 11 29.1(3.1)           
Suzuki et al., 
(2005) 
 
Schizotypal disorder 25 25(5.7) T1 1.5 1   Pre-central Sulcus 
  Schizophrenia 53 25.3(5)         
HC 59 24.3(5.3)           




Schizotypal disorder 25 24.9(4.5) T1 1.5 1   Pre-central Sulcus 
  Schizophrenia 35 23.8(5.2)           








Schizophrenia 40 26.1(5) T1 1.5 1   Anterior Commisure 
HC 40 25.31 
(5.8) 




Schizotypal disorder 24 22.7(4.5) T1 1.5 1   Anterior Commisure 
Schizophrenia 40 26.1(5)           




Schizophrenia 40 26.1(5) T1 1.5 1   Anterior Commisure 
HC 40 25.31 
(5.8) 
          
Tisserand et 
al., (2002) 
HA 57 55.7(16.2) T1 1.5 1.5   Precentral sulcus for DL 3 slices posterior 
to AC for ACC 
Jones et al 
(2006) 
AD 10 51.8(7.4) T1 1.5 1.5     Precentral sulcus 
  HC 10 51.0(8.0)          
Burgmans et al 
(2009) 
  
HC - no decline 35 69.1(7.7) T1 1.5 1.5   Precentral sulcus for the DL and IFG 
regions. 
Coronal plane at inner CC for OFC 
HC - decline 30 69.2(8.1)           
Dementia 9 73.8(4.3)           
Uylings et al 
(2010) 
Post-mortem 32 23-86 T1 1.5 1.17  X OFC only. As Tisserand - a coronal plane 
at the inner curvature of the CC. 
Tomaiuolo 
et al (1999) 
HA 50 25(10.2) T1 1.5 0.86   Precentral sulcus 
      25.6(7.2)           
Van Petten 
et al (2004) 
  
  
HA 48 65-85 T1 1.5 4   Manual Precentral sulcus 
Frontal gyri only (no ACC or OFC).      Axial   Summed 
4x1mm axial 
slices. 
    
Wible et al 
(1995) 
  
Schizophrenia 15   T1 1.5 1.5 X  3 slices anterior to the 1st slice of temporal 
stem HC 15             
Wible et al., 
(1997) 
HA 15 20-55 T1 1.5 1.5 X  As above 







HC 19 12(3)           




Shizophrenia 17 22.8(3.6) T1 1.5 1.5 ?  As Wible 1995 
Affective disorder 17 22.6(3.8)           
HC 17 22.2(3.8)           
Wible et al 
(2001) 
  
Schizophrenia 17 44 T1 1.5 1.5 ?  As Wible 1995 
HC 17 40           




Schizophrenia 27 30.4(7.9) T1 1.5 0.9375   Same PFC boundary, but introduced a 
more posterior ACC boundary - coronal 
appearance of the mammilary bodies HC 27 30(5.6)           
Wilde et al 
(2005)   
  
TBI 16 12.9(2.5) T1 1.5 1   Coronal slice just anterior to 
the CC genu. HC 16 12.8(2.4)         
Woods et al., 
(1996) 
 ONLY AREA 
FOR FL ROIs 
Schizophrenia 
 
19 35 T1 1.5 5-6 X  Coronal plane passing through the CC 
genu. They recognise this is a PFC 
measure. HC 19 35           




? 1.5 5-6 X X As above 
Woodward et 
al (2005) 
Gulf War Veterans 36 38 T1 1.5 1.5-1.7   TT sector E1. 
 ACC only Vietnam Veterans 63 56           
Yucel et al 
(2008) 
  
MDD 65 28.8(10.3) T1 1.5/3 1.2      vACC only. 
HC 93 28.4(10.7)           
Zipursky et al 
(1992) 
  
Schizophrenia 22 34.1(5.5) ? 1.5 5   Coronal plane at the CC genu 
  HC 20 36.2(7)         "cortical 
ring" 
Sullivan et al 
(1996) 
  
Schizophrenia 34 36.9(7.8)     5   Coronal plane at the CC genu 









HC - young 65 32.9(6.5)   1.5 5   Coronal plane at the CC genu 
HC - old 27 53.2(6)           
Alcoholic - young 33 37.5(4.5)           
Alcoholic - old 29 52.7(6)           
Fama et al 
(1997) 
  
AD 50 51-87   1.5 5   Coronal plane at the CC genu 
HC 136 20-84           
Mathalon et al 
(2001) 
  
Schizophrenia 24 39.4(6.4)   1.5 5   Coronal plane at the CC genu 
HC 25 40.7(8.5)           
Fama et al 
(2004) 
  







36 9.3(2.3) ? 1.5 3  X Coronal plane at the CC genu 
Relatives 36 9.5(2.5)             
Zhou et al 
(2005) 
Schizophrenia 59 25 T1 1.5 1  X Central sulcus 
  HC 58 25           
Zuffante et 
al (2001) 
   
Schizophrenia 23 46.5(4.2) T1 1.5 1  X TT y=32 
  HC 23 43.3(9.6)           
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Appendix 3: Hippocampal segmentation protocol  
 
In the Analyze 11.0 window, File_Load, load the thresholded image (see relevant 
SOP). 
With the image icon highlighted, Click on Regions of Interest  
 
To ensure the image is in the correct orientation select Generate > Orientation > 
Coronal 
 




Move the slider down to adjust the Maximum value, brightening the image. Try to 
select a consistent range within a dataset so that the brightness of the image does 
not influence identification of tissue. 
 
The hippocampus is located in the midbrain so use the Slice slider beneath the 







Begin looking for the first slice of the hippocampus by identifying an ‘L’ shape of 
white matter in the right hand temporal lobe (inverted ‘L’ on the left), made up of 





The hippocampus will appear medially and superior to the ‘L’ shaped white matter, 
with the inferior boundary being the white matter of the parahippocampal gyrus and 
the superior boundary being the alveus. Often the temporal horn of the lateral 
ventricles will appear lateral to the hippocampus. 
 
Temporal white 
matter forming an 







Use the  function to trace around the hippocampus, then select the auto-trace 
 function and click within the traced area. Adjust the intensity range so that 
the maximum is set to full and the minimum is at the mean threshold previously 
calculated.  
 
Repeat this process for the contralateral side ensuring that Object to Define is set to 
**New**. Be aware that the hippocampus will appear asymmetrically due to the 
differing sizes of the right and left hippocampi and the position of the head during 
scanning.  
When two objects have been established as right and left hippocampus, they can be 
renamed by going to View > Objects and overwriting the name beside “Name” to HR 
(Hippocampus Right) for “1.Object”. The return key must be pressed before 
progressing to name “2.Object” as HL (Hippocampus Left), and after this process or 
the name will not be changed.  
 
Continue to trace around the hippocampus using the parahippocampal white matter 
as the inferior boundary, the temporal stem or temporal horn of the lateral ventricle 
as the lateral boundary and the alveus as the superior boundary. Where visible the 




The hippocampus will change shape as you move through the coronal slices, always 
trace up to the ventricle and, as the uncus is included, to the cerebrospinal fluid 
(CSF) between the temporal lobes. 
 
Alveus 














Where the inferior white matter boundary does not extend to the meet the CSF, 
continue with a straight line from the white matter extending out to the CSF. 
Where possible try to follow the digitations or pes of the hippocampi; these are the 
rounded undulations that can be clear.  
 





As the tail of the hippocampus is reached the structure becomes smaller and the 
pulvinar nucleus of the thalamus recedes (superior to hippocampus) with the 




The last slice of the hippocampus is that in which the entire length of the fornix is 
visible but not yet continuous with the splenium of the corpus callosum. 
 
CSF between 
temporal lobes Temporal horn 
of the lateral 
ventricle  










CSF spaces are contained within the hippocampus, to avoid inclusion of these 
spaces from the calculated volume, set the Object to Define to **New** and use 
autotrace  on one area of CSF then select Apply. Change the Object to 
Define to “3.Object” before clicking on the other areas of CSF. By clicking Apply, all 
the areas of CSF will be assigned to 3.Object; this object can be renamed by going to 
View > Objects as before. 
It may be easier to define the each hippocampus in their entirety and then go back 
through the slices again to define the CSF spaces. This avoids having to change the 
intensity range of the autotrace for every slice as well as affording the opportunity to 
review the segmentation to ensure mistakes have not been made. 
 
Select File > Save object map ensuring the target folder where the object is to be 
saved is correct and name the file appropriately.  
 



















 Left Hippocampus Manual vs Standard  Left Hippocampus Manual vs Standard Older 










Appendix 5: Linear regression models for all subjects 
 
    Model 1   Model 2         
        T1     
 
  
    Cog Gender Cog Gender Age11IQ 
 
  
T1 Right g 
-0.15 
(0<0.001) -0.27 (0<0.001) -0.18 (0<0.001) -0.27 (0<0.001) 0.07 (0.184) 
 
  
T1 Left g 
-0.15 
(0<0.001) -0.28 (0<0.001) -0.20 (0<0.001) -0.28 (0<0.001) 0.07 (0.137) 
 
  
T1 Right speed 
-0.20 
(0<0.001) -0.26 (0<0.001) -0.22 (0<0.001) -0.27 (0<0.001) 0.04 (0.315) 
 
  
T1 Left speed 
-0.18 
(0<0.001) -0.28 (0<0.001) -0.20 (0<0.001) -0.28 (0<0.001) 0.04 (0.391) 
 
  
T1 Right memory -0.13 (0.002) -0.26 (0<0.001) -0.15 (0.002) -0.26 (0<0.001) 0.05 (0.312) 
 
  
T1 Left memory -0.13 (0.001) -0.28 (0<0.001) -0.16 (0.001) -0.28 (0<0.001) 0.06 (0.247) 
 
  
        MTR     
 
  
    Cog Gender Cog Gender Age11IQ 
 
  
MTR Right g 
0.17 
(0<0.001) 0.04 (0.343) 0.15 (0.004) 0.036 (0.393) 0.04 (0.408) 
 
  
MTR Left g 
0.18 
(0<0.001) 0.02 (0.601) 0.17 (0.001) 0.02 (0.627) 0.02 (0.745) 
 
  
MTR Right speed 
0.20 
(0<0.001) 0.03 (0.432) 0.17 (0<0.001) 0.027 (0.516) 0.06 (0.169) 
 
  
MTR Left speed 
0.19 
(0<0.001) 0.02 (0.738) 0.17 (0<0.001) 0.01 (0.82) 0.05 (0.27) 
 
  
MTR Right memory 0.13 (0.002) 0.03 (0.441) 0.08 (0.105) 0.03 (0.508) 0.09 (0.082) 
 
  
MTR Left memory 0.12 (0.006) 0.03 (0.52) 0.07 (0.157) 0.02 (0.586) 0.08 (0.1) 
 
  
        MD     
 
  
    Cog Gender Cog Gender Age11IQ 
 
  








MD Left g 
-0.16 
(0<0.001) -0.14 (0.001) -0.19 (0<0.001) -0.14 (0.001) 0.06 (0.276) 
 
  
MD Right speed 
-0.20 
(0<0.001) -0.20 (0<0.001) -0.20 (0<0.001) -0.20 (0<0.001) 0.01 (0.947) 
 
  
MD Left speed 
-0.17 
(0<0.001) -0.13 (0.002) -0.18 (0<0.001) -0.13 (0.002) 0.01 (0.814) 
 
  
MD Right memory -0.13 (0.001) -0.19 (0<0.001) -0.14 (0.005) -0.19 (0<0.001) 0.01 (0.832) 
 
  
MD Left memory -0.15 (0.001) -0.17 (0<0.001) -0.16 (0.001) -0.17 (0<0.001) 0.03 (0.544) 
 
  
        FA     
 
  
    Cog Gender Cog Gender Age11IQ 
 
  
FA Right g 
0.21 
(0<0.001) 0.08 (0.069) 0.17 (0.001) 0.07 (0.094) 0.07 (0.178) 
 
  
FA Left g 
0.18 
(0<0.001) 0.05 (0.219) 0.15 (0.003) 0.05 (0.26) 0.05 (0.355) 
 
  
FA Right speed 
0.21 
(0<0.001) 0.07 (0.1) 0.17 (0<0.001) 0.06 (0.145) 0.10 (0.032) 
 
  
FA Left speed 
0.17 
(0<0.001) 0.05 (0.26) 0.14 (0.003) 0.04 (0.331) 0.08 (0.079) 
 
  
FA Right memory 0.15 (0.001) 0.06 (0.153) 0.08 (0.128) 0.06 (0.193) 0.13 (0.014) 
 
  






   
  
    Model 3     Model 4       
    Cog Gender ICV cog Gender Age11IQ ICV 
Hippo volume 
Right g 0.09 (0.011) -0.08 (0.082) 0.39 (<0.001) 0.10 (0.023) -0.08 (0.097) -0.02 (0.72) 0.39 (<0.001) 
Hippo volume 
Left g 0.07 (0.06) -0.01 (0.797) 0.38 (<0.001) 0.07 (0.151) -0.01 (0.777) 0.01 (0.853) 0.38 (<0.001) 
Hippo volume 
Right speed 0.06 (0.112) -0.09 (0.073) 0.39 (<0.001) 0.05 (0.24) -0.09 (0.058) 0.03 (0.427) 0.39 (<0.001) 
Hippo volume 









* represents associations that became non-significant at p<0.05 after correction for multiple testing 
Model 1: integrity  = β1*cog + β2*Gender  
Model 2: integrity  = β1*cog + β2*Gender + β3*Age 11 IQ 
Model 3: hippo volume  = β1*cog + β2*Gender + β3*ICV 
Model 4: hippo volume  = β1*cog + β2*Gender + β3*ICV + β4*Age 11 IQ 
 
Linear regression models predicting measures of integrity from cognition and age 11 IQ. Covariates were Gender and ICV. Models used the entire population. 
Values are standardized beta (and p). N=565 
Hippo volume 
Right memory 0.07 (0.081) -0.08 (0.089) 0.40 (<0.001) 0.06 (0.164) -0.08 (0.088) 0.01 (0.878) 0.40 (<0.001) 
Hippo volume 
Left memory 0.12 (0.002) -0.03 (0.585) 0.39 (<0.001) 0.13 (0.003) -0.02 (0.651) 
-0.03 





Appendix 6: Linear regression models subjects MMSE above 27 
 
    model 1   model 2         
    T1         
 
  
    cog Gender cog Gender age11IQ 
 
  
T1 Right g -0.13 (0.003) 
-0.29 
(0<0.001) -0.16 (0.002) 
-0.29 
(0<0.001) 0.06 (0.21) 
 
  






(0<0.001) 0.10 (0.05) 
 
  






(0<0.001) 0.05 (0.321) 
 
  






(0<0.001) 0.07 (0.129)     
T1 Right memory -0.11 (0.016) 
-0.27 
(0<0.001) -0.13 (0.009) 
-0.27 
(0<0.001) 0.05 (0.282)     
T1 Left memory -0.10 (0.028) 
-0.29 
(0<0.001) -0.13 (0.007) 
-0.29 
(0<0.001) 0.08 (0.111) 
 
  
    MTR         
 
  
    Cog Gender Cog Gender age11IQ 
 
  
MTR Right g 0.19 (0<0.001) 0.04 (0.377) 0.16 (0.002) 0.04 (0.405) 0.04 (0.426) 
 
  
MTR Left g 0.19 (0<0.001) 0.02 (0.721) 0.18 (0.001) 0.02 (0.742) 0.03 (0.631) 
 
  
MTR Right speed 0.22 (0<0.001) 0.03 (0.469) 
0.20 
(0<0.001) 0.03 (0.509) 0.06 (0.195) 
 
  
MTR Left speed 0.22 (0<0.001) 0.01 (0.893) 
0.20 
(0<0.001) 0.01 (0.931) 0.05 (0.294) 
 
  
MTR Right memory 0.14 (0.003) 0.03 (0.479) 0.09 (0.073) 0.03 (0.501) 0.09 (0.089) 
 
  
MTR Left memory 0.12 (0.009) 0.01 (0.809) 0.08 (0.147) 0.01 (0.835) 0.09 (0.079) 
 
  
    MD         
 
  
    Cog Gender Cog Gender age11IQ 
 
  
MD Right g -0.15 (0.001) 
-0.23 
(0<0.001) -0.16 (0.002) 
-0.23 













(0<0.001) 0.06 (0.26) 
 
  






(0<0.001) 0.01 (0.851) 
 
  






(0<0.001) 0.02 (0.62) 
 
  
MD Right memory -0.14 (0.001) 
-0.21 
(0<0.001) -0.15 (0.003) 
-0.21 
(0<0.001) 0.02 (0.699) 
 
  






(0<0.001) 0.04 (0.479) 
 
  
    FA         
 
  
    Cog Gender Cog Gender age11IQ 
 
  
FA Right g 0.22 (0<0.001) 0.107 (0.016) 0.18 (0.001) 0.10 (0.02) 0.09 (0.105) 
 
  
FA Left g 0.22 (0<0.001) 0.071 (0.112) 
0.19 
(0<0.001) 0.07 (0.127) 0.06 (0.292) 
 
  
FA Right speed 0.23 (0<0.001) 0.096 (0.031) 
0.19 
(0<0.001) 0.09 (0.037) 0.11 (0.025) 
 
  
FA Left speed 0.21 (0<0.001) 0.062 (0.168) 
0.18 
(0<0.001) 0.06 (0.189) 0.09 (0.06) 
 
  
FA Right memory 0.16 (0<0.001) 0.087 (0.053) 0.10 (0.058) 0.09 (0.055) 0.13 (0.011) 
 
  






     
  
    Model 1     Model 2       
    Cog Gender ICV cog Gender age11IQ ICV 
Hippo volume 
Right g 0.08 (0.035)* -0.08 (0.12) 0.40 (<0.001) 0.09 (0.057) -0.08 (0.13) -0.01 (0.824) 0.40 (<0.001) 
Hippo volume 
Left g 0.07 (0.095) -0.01 (0.954) 0.41 (<0.001) 0.07 (0.149) 
-0.00 
(0.959) -0.00 (0.961) 0.41 (<0.001) 
Hippo volume 
Right speed 0.03 (0.398) -0.08 (0.105) 0.41 (<0.001) 0.02 (0.6) 
-0.09 
(0.088) 0.04 (0.407) 0.40 (<0.001) 
Hippo volume 
Left speed 0.01 (0.78) -0.01 (0.992) 0.43 (<0.001) 0.00 (0.992) 
-0.01 
(0.911) 0.04 (0.406) 0.42 (<0.001) 







Left memory 0.11 (0.009)* -0.01 (0.863) 0.42 (<0.001) 0.12 (0.009) 
-0.01 
(0.925) -0.03 (0.514) 0.42 (<0.001) 
 
Note. See Appendix 5 
* represents associations that became non-significant at p<0.05 after correction for multiple testing 
 
Linear regression models predicting measures of integrity from cognition and age 11 IQ. Covariates were Gender and ICV.  Models used subjects with MMSE 
















Note: Values are the standardized β (and p value) for the listed measures of hippocampus 
integrity predicting measures of cognitive ability.  
Model: cognition = β1*integrity + β2*Gender + β3*Age 11 IQ 
Where integrity represents measures of hippocampus integrity (T1, MTR, FA, MD and 
hippocampus volume). ICV is included only for hippocampus volume to correct for head size. 
 
* represents associations that became non-significant at p<0.05 after correction for multiple 
testing 
 
Linear regression models for the association between cognitive ability and longitudinal 
relaxation time (T1), magnetization transfer ratio (MTR) and hippocampal volume. Models 
used subjects with MMSE above 27, N=483.  Values are standardized beta (and p). 
 
 
g speed memory 
  Right  Left Right  Left Right  left 
 
Hippocampus volume   
Volume 0.08 (0.057)* 0.06 (0.149) 0.03 (0.6) 0.00 (0.992) 0.05 (0.296) 0.11 (0.009)* 
Gender 0.01 (0.838) 0.00 (0.935) 0.06 (0.253) 0.06 (0.268) 0.03 (0.603) 0.023 (0.648) 
ICV 




IQ 0.53 (<0.001) 0.53 (<0.001) 0.33 (<0.001) 0.33 (<0.001) 0.48 (<0.001) 0.48 (<0.001) 
   
T1 
   T1 -0.13 (0.002) -0.14 (<0.001) -0.18 (<0.001) -0.18 (<0.001) -0.11 (0.009) -0.11 (0.007) 
Gender -0.09 (0.022) -0.10 (0.013) -0.09 (0.052) -0.09 (0.045) -0.02 (0.574) -0.03 (0.529) 
Age 11 
IQ 0.54 (<0.001) 0.54 (<0.001) 0.35 (<0.001) 0.36 (<0.001) 0.49 (<0.001) 0.49 (<0.001) 
      MTR       
MTR 0.12 (0.002) 0.13 (0.001) 0.17 (<0.001) 0.18 (<0.001) 0.07 (0.073) 0.06 (0.147) 
Gender -0.06 (0.118) -0.06 (0.138) -0.040 (0.358) -0.03 (0.429) 0.00 (0.94) 0.01 (0.881) 
Age 11 
IQ 0.53 (<0.001) 0.53 (<0.001) 0.33 (<0.001) 0.33 (<0.001) 0.48 (<0.001) 0.48 (<0.001) 
      MD       
MD -0.12 (0.002) -0.16 (<0.001) -0.20 (<0.001) -0.22 (<0.001) -0.12 (0.003) 
-0.15 
(<0.001) 
Gender -0.09 (0.025) -0.09 (0.017) -0.06 (0.139) -0.06 (0.148) -0.02 (0.68) -0.02 (0.627) 
Age 11 
IQ 0.54 (<0.001) 0.54 (<0.001) 0.34 (<0.001) 0.34 (<0.001) 0.48 (<0.001) 0.48 (<0.001) 
      FA       
FA 0.13 (0.001) 0.14 (<0.001) 0.18 (<0.001) 0.16 (<0.001) 0.08 (0.058) 0.10 (0.014) 
Gender -0.07 (0.056) -0.07 (0.07) -0.04 (0.388) -0.03 (0.482) 0.00 (0.945) 0.00 (0.932) 
Age 11 






Appendix 8: Bivariate correlation coefficients 
 
    Volume   T1   MTR   MD   FA 
Variance Inflation 
Factor Tolerance  
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Variance Inflation Factor and tolerance were computed as measures of collinearity from models that included the combined hippocampus integrity measures 
(T1, MTR, FA, MD).  
All significant associations remained after correction for multiple comparisons using Bonferroni correction  
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